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Maintaining balance while moving is fundamental for safe and successful motor 
performance. However, this aspect of daily movement is often overlooked in experimental 
paradigms that assess adaptation during constrained and/or isolated tasks. Consequently, 
we cannot easily extrapolate the results from these studies to naturalistic motor 
behaviours. The goal of this thesis is to determine how the necessity to maintain balance 
during unconstrained movement affects sensorimotor learning. For my first study, I 
assessed how challenging balance during adaptation affects generalization of learning. 
Four groups of participants adapted to a new visuomotor mapping induced by prism lenses 
while performing either a standing-based reaching or walking task, with or without a 
manipulation that challenged balance. To assess generalization, participants performed a 
single trial of each of the other group’s tasks without the prisms. I found that both the 
reaching and walking balance-challenged groups showed greater generalization to their 
equivalent, non-adapted task compared to the balance-unchallenged groups. I also found 
that challenging balance modulated generalization across the reaching and walking tasks. 
For my second study, I tested how challenging balance affected motor memory retention. 
To do this, the same four groups of participants returned to the lab and repeated their 
adaptation protocol one week later. I found that only the walking groups demonstrated 
faster relearning (or savings) during re-exposure to the prisms. Crucially, I found that 
challenging balance significantly enhanced savings during walking. In my third study, I 
determined how a stability consequence associated with movement errors affected 
sensorimotor learning. Two groups of participants adapted to a new visuomotor mapping 
while performing a precision walking task either with or without the possibility of 
experiencing a slip perturbation when making errors. I assessed generalization of learning 
across two visually guided walking tasks and motor memory consolidation. To assess 
consolidation, I introduced an opposite direction visuomotor mapping following adaptation 
and evaluated relearning one week later. I found that the experiencing a physical 
consequence when making errors enhanced generalization and motor memory 
consolidation. Overall, this thesis provides a novel perspective on how the necessity for 
balance control contributes to sensorimotor learning, which has intriguing implications for 
the development of rehabilitation interventions. 
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Chapter 1.  
 
Introduction 
“We have a brain for one reason and one reason only - and that's to 
produce adaptable and complex movements.” 
(Daniel Wolpert) 
 
Our nervous system has a remarkable ability to adapt how we move in response 
to the changing world around us, and it does so with seemingly little effort. It is often only 
when we experience a significant change that affects or impairs our movement that we 
become aware of the inherent challenges to motor control. These changes may stem from 
the environment or the body itself (e.g., age-related changes or injury) and cause errors 
in movement by altering the normal relationship (or mapping) between sensory input and 
motor output. In normal circumstances, we are able to rapidly adapt in these situations 
and return to a previous level of performance as we learn a new sensorimotor mapping. 
Furthermore, we are able to retain what is learned and apply, or generalize, this learning 
to make predictions (or facilitate performance) in new contexts. Taken together, 
sensorimotor learning improves our ability to move within our environment. 
From lifting a heavy load to navigating a busy sidewalk, most real-life movements 
necessitate extensive muscle coordination across multiple body segments to maintain 
balance and ensure safe and successful task performance. Despite these complex motor 
control problems, we are able to produce smooth and accurate movements that allow us 
to meaningfully interact with the world—highlighting both the flexibility and sophistication 
of our sensorimotor system. However, the need for balance control during daily movement 
is often overlooked during experimental paradigms that focus predominantly on adaptation 
during constrained and/or isolated tasks, which fail to capture the complexity of real-life 
movements. Consequently, results from these studies cannot be easily extrapolated to 
naturalistic motor behaviours, as during the latter, the control problem is complicated by 
the necessity to maintain balance while moving through the environment. 
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The goal of this thesis is to determine how the necessity to maintain balance during 
unconstrained, whole-body tasks affects adaptation, generalization, and retention of newly 
learned movement patterns. In this general introduction, I will first outline the different 
components of sensorimotor learning and some of the factors that affect this process. I 
will then discuss the potential influence of balance control on sensorimotor learning, as 
well as how a perceived threat of falling might impact adaptation, generalization, and 
retention of learning during unconstrained, naturalistic behaviours. 
1.1. The different aspects of sensorimotor learning 
Human movement control is complex. Yet, we are able to produce an assortment 
of coordinated and accurate motor behaviours. This flexibility requires the nervous system 
to learn and modify motor commands that lead to desirable outcomes. To do this, the 
nervous system engages multiple learning processes to acquire the knowledge necessary 
to produce the appropriate motor commands in any given situation. These distinct forms 
of learning include both sensorimotor adaptation and motor skill acquisition (Kitago and 
Krakauer 2013; Wolpert et al. 2011). During sensorimotor adaptation, the nervous system 
modifies well-learned movements in response to changing physiological and 
environmental states to regain a former level of performance. In contrast, motor skill 
acquisition entails learning new patterns of muscle activation and enhancing motor 
performance by reducing movement errors without sacrificing movement speed. Both 
adaptation and motor skill learning improve our ability to maintain movement accuracy 
while moving in and through the environment.  
Sensorimotor learning processes are typically categorized by the type of 
information the nervous system uses as a learning signal (Spampinato and Celnik 2020; 
Wolpert et al. 2011). During error-based learning, for example, the nervous system 
compares the actual and predicted movement outcome to identify errors in movement 
(Wolpert and Ghahramani 2000). This form of learning is the driving force behind most 
sensorimotor adaptation paradigms and is discussed in more detail below. In contrast, the 
nervous system can also use reinforcement-based learning signals, such as success or 
failure, to explore which actions lead to desirable outcomes (Huang et al. 2011; Izawa and 
Shadmehr 2011; Shmuelof et al. 2012). For example, motivational feedback in the form of 
rewards and punishment can shape sensorimotor learning (Galea et al. 2015). Use-
dependent learning can also influence the state of the motor system, where repeated 
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execution of a movement, such as reaching to a target, can bias the direction of future 
reaching movements (Classen et al. 1998; Diedrichsen et al. 2010). Finally, recent 
research also highlights the involvement of cognition during sensorimotor learning, where 
people use deliberate strategies to achieve movement goals (Mazzoni and Krakauer 2006; 
Taylor and Ivry 2011; Taylor et al. 2014). Though evidence suggests that different forms 
of learning involve separate neural mechanisms (Haith and Krakauer 2013; Krakauer and 
Mazzoni 2011; Shadmehr and Krakauer 2008), it is important to acknowledge that these 
learning processes are not necessarily functionally independent. Thus, we use the term 
sensorimotor learning to incorporate these diverse learning systems and to describe any 
experience-dependent improvements in motor performance (Krakauer et al. 2019). For 
this thesis, I focus primarily on aspects of sensorimotor learning that pertain to how the 
nervous system adapts, generalizes, and retains learned motor behaviours. 
1.1.1. Sensorimotor adaptation 
To safely and effectively navigate our surroundings, we must maintain accurate 
sensorimotor mappings despite changing physiological and environmental states. For 
instance, changes to musculoskeletal and sensory systems as a result of aging or injury 
can disrupt the normal relationship between sensory input and motor output, causing 
errors in goal-directed movement. As we learn the new mapping, we are able to regain 
movement accuracy—a process known as sensorimotor adaptation. Given that our bodies 
and the environment change all the time, the ability to reliably adapt our movement 
becomes critical for successful motor behaviour in everyday life. This is also pertinent for 
patient populations, as it allows for some degree of natural recovery of function following 
injury or disease.  
To produce successful motor commands, the nervous system relies heavily on 
sensory feedback to provide precise information about the state of our body and the 
environment. However, sensory feedback is delayed, sensory receptors transmit noisy 
information, and our bodies and the environment are continuously changing; all of which 
can lead to uncertainty and movement variability (Van Beers et al. 2002). Consider, for 
example, walking across the street and stepping up onto the sidewalk, as illustrated in 
Figure 1.1. If we only use visual information about where the curb is relative to our stepping 
limb, our estimate of the current state of our body would be delayed by ~100 ms and 
therefore, be obsolete (Wolpert and Ghahramani 2000). To compensate for such delays, 
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the nervous system is thought to use model-based strategies to construct an estimate of 
the body’s state based on a broad understanding of how the body and environment 
function (Kandel et al. 2013; Shadmehr et al. 2010; Wolpert et al. 2011). Internal models 
are neural circuits that represent the relationship between sensory input and motor output 
and can be subdivided into two main components—the forward model and the inverse 
model. Forward models make predictions about the sensory consequences of a 
movement based on a copy of the motor command (i.e., the efference copy) (Fig. 1.1A). 
These predictions are then combined with actual sensory feedback to better estimate the 
current state of the body. This updated state estimate is then used by an inverse model 
(Fig. 1B) to facilitate or correct motor performance. Here, the inverse model uses 
feedforward control to generate the appropriate motor command based on the desired 
state (Shadmehr and Wise 2005; Wolpert and Ghahramani 2000). If the forward and 
inverse models are both accurate, their output (i.e., the predicted and actual movement) 
will be the same and there is no need to modify the motor command. In contrast, 
movement errors that occur as a result of discrepancies between the predicted and actual 
sensory consequences of a movement (i.e., a sensory prediction error) indicate that the 
initial motor command was not appropriate for the given task. For example, imagine you 
unexpectedly stub your toe on the curb. In this case, there is a mismatch between the 
predicted and actual consequences of the movement, resulting in a movement error. To 
correct for this error, the nervous system uses feedback control to account for such 
discrepancies between the desired and estimated states. The inverse model then modifies 
the motor command based on the updated state to, for example, increase flexion of the 
hip and foot of the stepping limb to clear the curb and prevent a fall. If movement errors 
persist, you may need to update the forward model to account for a recurring mismatch 
between the predicted and actual states. Taken together, the nervous system uses 
feedforward and feedback control to determine when and how to modify movement to 
regain movement accuracy—a process known as internal model recalibration (Wolpert 
and Flanagan 2016; Krakauer et al. 2019). 
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Figure 1.1 Internal model framework 
Internal models represent the relationship between sensory input and motor output based on a 
broad understanding of how the environment and body function. A) Forward models make 
predictions about the sensory consequences of a movement based on an efference copy of the 
motor command. These predictions are then combined with actual sensory feedback to estimate 
the current state of the body. B) The inverse model uses the state estimate to generate the 
appropriate motor command (green arrow) based on the desired state using feedforward control. 
If both the forward and inverse models are accurate, the desired state will match the actual motor 
behaviour. In contrast, when movement errors occur, the nervous system uses feedback control 
(orange arrows) to correct for discrepancies between the desired and estimated states. See text 
for more details. 
When we experience an error in movement, the nervous system must determine 
its source to correct for it—this is referred to as the credit assignment problem (Wolpert et 
al. 2001). Identifying the source of a movement error can be challenging, as the final 
outcome of most everyday movement is contingent on the interaction between multiple 
factors, such as the number of body parts involved and the desired limb trajectory. As a 
result of this complexity, we are not always successful in our movement and the reasons 
for why are often unclear. In this case, the nervous system needs to attribute the cause of 
the error to either internal (i.e., within the body) or external (i.e., environmental) factors. 
Internal factors, for example, may include deficits related to motor execution or altered 
sensorimotor mappings as a result of aging or injury. Furthermore, the nervous system 
must determine if the errors are temporary or are likely to persist, which will dictate whether 
and how we update our internal models. In the above example, there are several 
possibilities for why you may have kicked the curb, and the corrections required of the 
motor system would be different for each situation. For example, a momentary distraction, 
such as looking at your phone, may have caused you to miscalculate your foot trajectory 
relative to the height of the curb. In this case, any changes to your walking pattern would 
likely be temporary. Alternatively, if tiredness is to blame, you may choose to adjust your 
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motor commands for the remainder of the day to account for such fatigue-induced errors. 
Consequently, solving the credit assignment problem is critical to determine whether 
internal model recalibration is necessary to regain movement accuracy for a given task. 
Over the years, research across multiple adaptation paradigms has provided 
strong evidence for the use of internal models in motor control—though model-free 
mechanisms may also apply (Huang et al. 2011). We are able to study sensorimotor 
adaptation by systematically exposing the nervous system to perturbations, such as 
shifting the visual field using prism lenses (Alexander et al. 2011; Martin et al. 1996a; 
Redding and Wallace 2002) or rotating visual feedback (Krakauer et al. 2000; Krakauer et 
al. 2005; Krakauer 2009; Mazzoni and Krakauer 2006). We can also study how people 
adapt to more dynamic perturbations using robotic forcefields (Thoroughman and 
Shadmehr 2000; Shadmehr and Mussa-Ivaldi 1994; Shadmehr and Moussavi 2000) or 
split-belt treadmills (Morton and Bastian 2006; Choi and Bastian 2007) that physically 
perturb the limbs during movement. These techniques artificially disrupt the relationship 
between sensory input and motor output, causing errors in movement that result from the 
mismatch between the predicted and actual movement outcome. The resultant sensory 
prediction errors serve as a signal that something went wrong and over time, movement 
accuracy improves through a combination of error-based adaptation and other learning 
processes. For instance, error reduction can be achieved implicitly through cerebellum-
dependent, internal model recalibration driven primarily by sensory predictions errors 
(Izawa et al. 2012; Mazzoni and Krakauer 2006; Morton and Bastian 2006; Synofzik et al. 
2008; Tseng et al. 2007). Alternatively, recent research highlights the contribution of 
explicit strategic control during adaptation, demonstrating that deliberate strategies can 
also be employed to rapidly reduce movement errors (Mazzoni and Krakauer 2006; 
Redding et al. 2005; Taylor and Ivry 2011; Taylor et al.  2014). We can distinguish these 
two adaptative processes by measuring motor performance immediately after removing 
the perturbation, where an error in the opposite direction to the perturbation (i.e., a 
negative aftereffect) reflects implicit internal model recalibration (Redding and Wallace 
1996). Furthermore, the timescales of implicit and explicit adaptation closely resemble two 
parallel processes involved in adaptation (McDougle et al. 2015; Smith et al. 2006). That 
is, a fast process that adapts and de-adapts rapidly and resembles explicit learning; and 
a slower process that adapts and de-adapts gradually over time and corresponds to 
implicit learning. 
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Sensory prediction error is a driving force for sensorimotor adaptation (Wallman 
and Fuchs 1998; Mazzoni and Krakauer 2006; Tseng et al. 2007). However, the extent to 
which internal models are updated is largely dependent on the conditions under which 
initial learning takes place (Kagerer et al. 1997; Criscimagna-Hemminger et al. 2010; 
Schlerf et al. 2013; Gibo et al. 2013). During adaptation studies, for example, participants 
may experience a sudden and abrupt perturbation that causes large initial errors in 
movement. Here, participants may engage more explicit strategies to rapidly reduce 
movement errors and compensate for the large perturbations. In contrast, if the 
perturbation is introduced gradually over multiple trials such that the movement errors are 
small, participants may be less aware of an environmental disturbance and learning may 
be more implicit. Consequently, error size can affect adaptation by engaging distinct 
learning processes that may adapt over different timescales. Young, healthy adults, for 
instance, show comparable learning in response to large and small errors, while older 
adults and patients with severe degeneration of the cerebellum are better able to learn 
from gradual perturbations (Buch et al. 2003; Criscimagna-Hemminger et al. 2010). This 
also suggests that gradual and sudden perturbations do not engage the same neural 
mechanisms. Error variability can also influence sensorimotor adaptation, as identifying 
the source of the error to correct for it becomes more challenging. This may result in 
delayed error reduction and impair overall adaptation (Howard et al. 2017). Alternatively, 
recent studies suggest that movement variability may serve to prime the nervous system, 
effectively guiding exploration to facilitate sensorimotor learning (Dhawale et al. 2017; 
Seidler 2004; Wu et al. 2014).  
Taken together, identifying the source of the sensory prediction error is critical for 
sensorimotor adaptation. Furthermore, the presentation of such errors dictates how and 
when the nervous system updates its internal model to regain movement accuracy. In the 
following section, I will discuss aspects of sensorimotor learning that pertain to the 
transfer, or generalization, of learned movement patterns beyond training. 
1.1.2. Generalization of sensorimotor adaptation 
Human motor control is impressively versatile in that elements of learned 
movement patterns can be transferred beyond training and applied in new situations—a 
concept known as generalization (Poggio and Bizzi 2004). This requires the nervous 
system to make predictions about new situations based on past experiences. Rather than 
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using a simple look-up table to map a specific consequence with the appropriate action, 
the nervous system adapts acquired motor skills to meet the demands of the new task or 
environment (Mussa-Ivaldi 1999; Poggio and Bizzi 2004). Consider, for example, learning 
to play tennis. While you may at first focus on your forehand stroke, ultimately you want 
to execute all tennis strokes effectively. As no two shots are the same, you must also 
adapt each stroke to changing conditions, such as the speed and direction of the ball. 
Fortunately, learning to execute one tennis stroke can improve your ability to perform 
others, especially those similar to the ones well-practised. While performance may still be 
imperfect, this prior experience can facilitate subsequent learning. 
Sensorimotor adaptation, like motor skill learning, is not confined to the exact 
movement patterns acquired during training, but instead generalizes to unlearned 
movement directions (Krakauer et al. 2000; Thoroughman and Shadmehr 2000), 
amplitudes (Krakauer et al. 2000; Mattar and Ostry 2010) and workspace locations (Malfait 
et al. 2005; Wang and Sainburg 2005; Lei et al. 2013). Similarly, adapted movements can 
generalize beyond training to different limbs (Morton et al. 2001; Sainburg and Wang 
2002; Savin and Morton 2008; Wang and Sainburg 2003; 2004) and in some instances, 
across different movement categories or tasks (Abeele and Bock 2003; Alexander et al. 
2011; 2013; Morton and Bastian 2004). For instance, visuomotor adaptation during 
reaching with one arm can facilitate subsequent performance using the other arm 
(Sainburg and Wang 2002) and even the leg (Savin and Morton 2008). Additionally, 
visuomotor adaptation generalizes between a target tracking and a centre-out pointing 
task (Abeele and Bock 2003). However, the extent to which this generalization occurs 
varies widely and is often limited (Balitsky Thompson and Henriques 2010; Carroll et al. 
2014; Ghahramani et al. 1996; Krakauer et al. 2000; Morton et al. 2001; Wang 2008; Wang 
and Sainburg 2004). Interlimb generalization, for example, is often asymmetric with some 
studies reporting unidirectional generalization from the nondominant to the dominant arm 
(Wang and Sainburg 2003; 2004) or vice versa (Balitsky Thompson and Henriques 2010). 
Similarly, the magnitude of generalization from the arm to the leg is far greater than that 
from the leg to the arm following prism adaptation (Savin and Morton 2008). Thus, adapted 
movements can generalize across a variety of tasks, although the degree to which 
generalization occurs appears largely dependent on the nature of tasks being assessed.  
Generalization following sensorimotor adaptation is reflected by the degree to 
which naïve motor performance is impacted by past experience. In research, this is often 
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demonstrated by motor performance that is biased towards the adapted state—also 
known as an aftereffect—indicating that the learned motor behaviour was applied to the 
new setting. Research examining generalization provides insight into the neural 
mechanisms underlying sensorimotor adaptation. For example, research shows 
generalization following adaptation to abrupt versus gradual perturbations likely engage 
distinct neural mechanisms (Berniker and Kording 2008; Fercho and Baugh 2014; Kluzik 
et al. 2008; Torres-Oviedo and Bastian 2012; Wilke et al. 2013). These studies highlight 
the significance of attributing movement error experienced during adaptation to either 
internal or external sources and the influence of this credit assignment on sensorimotor 
generalization. For example, gradual perturbations that produce small movement errors 
during adaptation may enhance generalization, as smaller errors are more likely attributed 
to the internal sources (i.e., produced by the body). In contrast, sudden perturbations that 
produce large and unusual movement errors are typically assigned to the training 
environment and are largely context dependent. This is evident following split-belt 
treadmill adaptation whereby the gradual introduction of a new walking pattern produced 
greater generalization to overground walking compared to an abrupt perturbation 
schedule (Torres-Oviedo and Bastian 2012).  
Research exploring generalization may also inform the development of more 
effective rehabilitation protocols that promote the transfer of learning to real-world settings. 
For instance, “device-induced” learning via robots or treadmills can be used to facilitate 
rehabilitation (Bastian 2008), though it is imperative for this learning to generalize to real-
world settings for it to be meaningful. Studies show, however, that generalization to natural 
movement following “device-induced” adaptation is limited and short-lasting (Cothros et 
al. 2006; Reisman et al. 2009; Reynolds and Bronstein 2004). For example, Reisman et 
al. (2009) demonstrated that split-belt treadmill adaptation generalizes to overground 
walking in persons post stroke, though not completely. These authors used an abrupt 
perturbation protocol where participants had large and variable movement errors. 
However, a gradual introduction of the new walking pattern, such as the protocol used in 
Torres-Oviedo and Bastian (2012), may enhance generalization, as the restriction of 
movement error to the body’s natural range promotes general adjustments that transfer 
across contexts. Thus, generalization patterns help us gain insight into how sensorimotor 
learning is controlled and the strategies that can be used to enhance generalization 
beyond a clinical setting. 
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Altogether, generalization allows us to capitalize on past experience to facilitate 
subsequent learning, though the extent of generalization depends largely on the tasks 
being assessed and the training conditions. Research exploring generalization provides 
valuable insight into the mechanisms underlying adaptive behaviour which may inform the 
design of effective rehabilitation interventions aimed at promoting recovery following 
neurological injury and disease. In the following section, I will discuss how the nervous 
systems retains and recalls motor memories formed during adaptation and the factors that 
influence this motor memory retention. 
1.1.3. Motor memory retention  
From tying shoelaces to riding a bicycle, people are able to retain learned motor 
skills for prolonged periods of time despite inconsistent practice. This motor memory 
allows us to rapidly meet the demands of familiar tasks and environments and increases 
the likelihood of future task success. Given that we are likely to encounter familiar motor 
tasks on a daily basis, the ability to store and quickly recall previously learned movement 
patterns is important for everyday motor control. This is also beneficial following physical 
rehabilitation, as it allows patients to build on what has been learned in successive therapy 
sessions.  
In sensorimotor adaptation, motor memory retention is reflected by faster 
adaptation (or relearning) during re-exposure to a familiar perturbation—a phenomenon 
known as savings (Brashers-Krug et al. 1996; Krakauer et al. 2005). For example, people 
demonstrate faster adaptation (i.e., a faster reduction in movement error) upon re-
exposure to a previously learned visuomotor mapping induced by prisms lenses (Bakkum 
et al. 2021; Maeda et al. 2017b; 2018; McGowan et al. 2017). Research suggests that a 
memory of errors, or experience with errors similar to those encountered during relearning, 
elicits savings (Herzfeld et al. 2014; Leow et al. 2016). Other studies, however, suggest 
that savings is achieved explicitly through the recall of a deliberate aiming strategy (Haith 
et al. 2015; Morehead et al. 2015; Nguyen et al. 2019). While the processes that underlie 
savings remain subject to debate, these performance improvements can be observed over 
extended periods of time and demonstrate the potential long-term benefits of prior learning 
on subsequent motor performance. For example, motor memories can be retained for 
hours, days, and even up to one year (Brashers-Krug et al. 1996; Day et al. 2018; 
Krakauer et al 2005; Maeda et al. 2017b; 2018). However, similar to generalization, the 
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extent to which savings occur is largely dependent on the conditions of initial learning. For 
example, studies show that an abrupt perturbation schedule that elicits large movement 
errors results in greater savings (Leech et al. 2018; Morehead et al. 2015; Malone et al. 
2011). Additionally, increasing the amount of exposure to the perturbation influences how 
quickly people recall a previously learned movement (Alhussein et al. 2019; Day et al. 
2018; Nguyen et al. 2019; Roemmich and Bastian 2015). Taken together, these findings 
highlight the flexibility of motor memory formation and demonstrate that learning 
conditions can be manipulated and leveraged to elicit enhanced savings.  
To retain a motor memory, the brain must transfer the memory from a short-term 
volatile state to a longer-term fixed state through the process of consolidation. Here we 
operationally define consolidation as the motor memory becoming stable over time and 
resistant to interference by competing mappings (Brashers-Krug et al. 1996; Krakauer et 
al. 2005; Krakauer and Shadmehr 2006; Shadmehr and Brashers-Krug 1997). Under 
appropriate conditions, consolidation begins with a short-term process where information 
is bound into memory traces and stored within the hippocampus and related medial 
temporal lobe structures for retrieval (Alvarez and Squire 1994; Squire 1992). Over time, 
repeated retrieval of the memory trace strengthens the connections between these 
structures and the neocortex through synaptic plasticity (Dudai 2004), eventually 
eliminating the need for hippocampus as the neocortex alone is capable of sustaining the 
memory for long periods of time. This standard model of memory consolidation is 
supported by studies demonstrating that lesions to the hippocampus of humans and other 
animals generally impair memories of recently learned information (i.e., short-term 
memories), though older memories are preserved (Squire 1992). However, learning new 
material shortly after initial learning can disrupt or interfere with consolidation of short-term 
memories. For example, learning a new mapping B soon after learning mapping A can 
disrupt the consolidation of mapping A and impair motor memory retention—a process 
known as retrograde interreference (Goedert and Willingham 2002; Krakauer et al. 1999; 
Krakauer et al. 2005; Wigmore et al. 2002). Prior learning can also negatively impact 
subsequent learning where there is a marked decrease in initial performance during 
mapping B following adaptation to mapping A. This is defined as anterograde interference, 
where performance is biased towards a previously adapted state (i.e., mapping A) such 
that any observable performance improvements during relearning of mapping B may be 
masked (Brashers-Krug et al. 1996; Hinder et al. 2007; Krakauer et al. 2005; Lerner et al. 
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2020; Miall et al. 2004). After repeated exposure, however, the effects of interference 
decrease, and we are able to learn and retain competing sensorimotor mappings—a 
concept known as dual adaptation (van Dam et al. 2013; Welch et al. 1993) 
Research suggests that interference may be mitigated by prolonging the passage 
of time between different bouts of learning to allow for consolidation. For example, savings 
of force-field adaptation is evident during reaching movements when subsequent learning 
of a second, opposing force-field occurs ~4-6 hours after initial learning (Brashers-Krug et 
al. 1996; Shadmehr and Brashers-Krug 1997). This suggests that motor memories may 
be stable and less susceptible to retrograde interference after sufficient time has passed 
between learning sessions. However, the benefits of this approach are not always evident. 
Several studies have failed to demonstrate consolidation even with prolonged breaks 
between learning (Bock et al. 2001; Caithness et al. 2004; Goedert and Willingham 2002). 
Additionally, research suggests that the addition of so-called “washout” trials that serve to 
return performance to baseline levels prior to learning a new mapping can attenuate 
performance detriments due to anterograde interference (Krakauer et al. 2005), though 
the addition of washout trials is not always sufficient to unmask consolidation (Caithness 
et al. 2004). Evidently, much of the literature on motor memory consolidation is conflicting 
and has, understandably, resulted in great controversy. Still, the process of consolidation 
remains a critical component to how motor memories are formed and stored and as such, 
continues to be an important topic of research. 
Overall, the ability to recall past experiences allows us to rapidly select appropriate 
motor commands to meet the demands of familiar tasks and environments. This motor 
memory is reflected by faster relearning, or savings, which is largely dictated by the 
conditions of initial learning. Research exploring motor memory retention and 
consolidation deepens our understanding of the mechanisms that underlie memory 
formation and interreference in sensorimotor learning. Ultimately, insight into how motor 
memories are formed and stored may improve the development of training and 
rehabilitation protocols that enhance savings and mitigate unwanted interference. 
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1.2. The influence of balance control on sensorimotor 
learning 
Maintaining balance while moving is fundamental for safe and successful motor 
performance in everyday life. Even mundane tasks like washing the dishes or doing the 
laundry require extensive muscle coordination across multiple body segments to control 
balance while maintaining movement accuracy. Here, the nervous system must generate 
the appropriate motor commands to ensure task success while implementing effective 
postural control strategies to prevent falling and possible injury. This is undoubtedly a 
complex motor control problem, yet everyday experience demonstrates our ability to 
function and even thrive when confronted with these inherent movement challenges. Still, 
this aspect of daily motor control is often overlooked in experimental paradigms that focus 
predominantly on adaptation during seated, isolated upper limb movements where 
maintaining balance is not a major concern (Krakauer et al. 2000; Shadmehr and Mussa-
Ivaldi 1994). Even studies exploring adaptation during walking are typically constrained by 
a treadmill and as a result, do not challenge balance to the same degree as real-life motor 
behaviours (e.g., Roemmich and Bastian 2015). Consequently, results from these studies 
fail to capture the complexity of naturalistic movements that necessitate balance control. 
The human musculoskeletal system comprises over 600 muscles spanning 206 
bones that provide both structure for the body and facilitate movement (Zatsiorsky and 
Prilutsky 2012). The interconnected nature of this system is such that it requires intricate 
coordination between multiple degrees of freedom in service of even the simplest of 
actions—just pointing your index finger requires coordinating activity across several 
muscles that determine the motion of many digits (Schieber 1995). During movement, the 
degrees of freedom can be defined as any factors that arise from the body’s biomechanics 
or physiology, such as additional body segments, joints, and muscles, that influence the 
body’s motion and/or state (Bernstein 1967). As movement becomes more elaborate and 
the degrees of freedom increase, multiple movement strategies can achieve the same 
movement goal. Bernstein (1976) referred to this redundancy as the “degrees of freedom 
problem” which states that the nervous system must learn to integrate and coordinate 
multiple degrees of freedom to reduce redundancy and achieve skilled motor 
performance. As most daily tasks make use of multiple body segments and limbs, real-
world sensorimotor learning is complicated. 
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The ability to stand upright while interacting with the world is critical for everyday 
movement. Doing laundry, for example, requires widespread muscle coordination to 
maintain a stable, upright posture while handling different objects. Human standing is 
inherently unstable as the upper-body—comprised of the head, arms, and trunk (or the 
“HAT” segment)—makes up two-thirds of the body’s mass, which lies above two-thirds of 
the body’s height (Winter et al. 1990). This mass represents a large inertial load that needs 
to be regulated to maintain an upright standing posture and prevent falling. This requires 
the nervous system to stabilize the body’s centre of mass (COM) against gravity and within 
the base of support (BOS), typically defined as the area of the body that is in contact with 
the support surface (Horak 2006; Winter 1995). This so-called “postural equilibrium” is 
achieved, in large part, using the centre of pressure (COP) to shift the COM away from 
the limits of the BOS through the application of vertical ground reaction forces to the 
standing surface (Winter 1995). The nervous system must also account for the self-
initiated postural perturbations that occur during object manipulation, such as loading the 
laundry into the washing machine. Here, the nervous system must make anticipatory 
postural adjustments (APAs) prior to or at the onset of postural disturbances to maintain 
postural equilibrium (Cordo and Nashner 1982; Winter et al. 1990). Furthermore, the 
nervous system must control motion across multiple free-moving body segments to move 
accurately while maintaining balance. For example, turning the cap on the laundry 
detergent and pouring it into the machine requires coordinating several upper-limb joints 
as well as the trunk and legs to ensure task success. These multi-joint movements require 
compensation for the dynamic coupling between different body segments, where motion 
at one joint can cause accelerations at all other joints in the system through interaction 
torques (Ketcham et al. 2004; Nott et al. 2010; Yu et al. 2011; Zajac 1993). Movements of 
the shoulder and elbow, for instance, require coordinated muscle co-contractions to 
control for the effects of dynamic coupling and maintain movement accuracy (Gribble and 
Ostry 1999; Gribble et al. 2003). Consequently, standing-based movement requires 
extensive sensorimotor control to ensure safe and successful task performance. 
Walking is one of the most common forms of human movement, as it allows us to 
navigate our surroundings. While this is a challenging task during the developmental 
stages, people eventually learn to walk over diverse terrain with relative ease. This is 
impressive because the nature of bipedal walking is such that the nervous system must 
intermittently control movement of the entire body with only one foot in contact with the 
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ground (Winter, 1995). During each stride, stability is challenged as the forward 
momentum of the HAT segment causes the body’s COM to move beyond the small BOS 
provided by the planted foot (Patla 2003). As a result, the transition between the single 
and double support phases of walking is described as a continuous state of controlled 
falling and recovery, where foot placement of the swinging limb serves to catch the large 
inertial load of the HAT segment to regain stability after each stride (Perry 1992). People 
are able to simplify the control required of walking by harnessing the passive dynamics 
associated with gravity-dependent movement, where motion can be generated without 
continuous control through active force production (McGeer 1990). Taking advantage of 
such passive dynamics is one method of keeping the energetics costs of walking low—a 
primary objective of the nervous system (Abram et al. 2019; Donelan et al. 2001; Selinger 
et al. 2015; Zarrugh et al. 1974). However, cost minimization is not the only concern during 
walking, as people must also be accurate in their foot placement to maintain balance and 
avoid falling over. While passive-dynamic control can provide some degree of step-to-step 
stability in the sagittal plane, more active control is required for lateral stabilization during 
foot placement (Bauby and Kuo 2000; Donelan et al. 2004; Kuo 1999; O’Connor and Kuo 
2009; Wong et al. 2010). As everyday walking is rarely restricted to planar motions, 
maintaining stability in more challenging walking situations typically comes with a greater 
metabolic cost (Donelan et al. 2004). Downhill walking, for example, imposes a greater 
energetic cost for a more stable gait pattern (Hunter et al. 2010). Despite this additional 
penalty, however, people still prefer to sacrifice economy for stability in this situation. Thus, 
the neural control of walking is complicated by both the need to control motion of the entire 
body, as well as the trade-off between minimizing the risk of falling and the energetic costs 
associated with more active control strategies. 
Though the challenges to standing and walking balance control may differ slightly, 
both require the nervous system to engage proactive and reactive strategies to prevent 
falling. During proactive balance control, the nervous system uses past experiences to 
respond to anticipated perturbations (Patla 2003). Prior knowledge of an upcoming 
slippery surface, for instance, results in anticipatory postural adjustments, such as 
reducing lower limb loading and stepping with a flatter foot, that allow a person to walk 
safely across the surface (Cham and Redfern 2002; Heiden et al. 2006; Marigold and 
Patla 2002). In contrast, reactive balance control strategies rely on sensory feedback (e.g., 
vision or proprioception) to rapidly respond to unexpected postural perturbations (Patla 
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2003). For example, people use reactive balance recovery strategies using the ankle and 
hip musculature to resist unexpected platform translations (Horak and Nashner 1986). 
Similarly, people demonstrate reactive balance control during perturbed walking (Eng et 
al. 1997; Liu et al. 2018), when tripping over obstacles (Schillings et al. 2000; Shirota et 
al. 2014), and while recovering from a slip (Cham and Redfern 2001; Marigold and Patla 
2002; Marigold et al. 2003; Oates et al. 2010). During a slip, for example, people typically 
employ a rapid arm elevation strategy that serves to shift the COM forward to prevent 
falling backwards (Marigold and Patla 2002; Marigold et al. 2003; Oates et al. 2010). The 
inability to appropriately respond to postural perturbations, be it through proactive or 
reactive strategies, leads to an increased fall risk. This is evident in both older adult and 
stroke patient populations who demonstrate impaired balance recovery (Buurke et al. 
2020; Joshi et al. 2018; Mackey and Robinovitch 2006; Marigold and Eng 2006). Taken 
together, daily movement is plagued by inherent stability challenges that demand 
continuous and timely sensorimotor control to achieve and maintain movement accuracy. 
1.2.1. Implications of postural threat on sensorimotor learning 
Real-world movement errors have real-world consequences. In some cases, the 
consequences of our actions are severe. As a result, the level of risk associated with a 
given task can shape how we move. Consider, for example, walking down a flight of stairs. 
As this is a frequent occurrence, you may view this as a simple task and even feel 
comfortable skipping every second step. Now imagine the stairs are covered in snow. 
Given the greater risk of slipping and the possibility of injuring yourself, you might choose 
to reconsider your two-stair descent strategy and opt for a more cautious approach. This 
notion is supported by studies demonstrating that the fear of falling can significantly impact 
postural control and gait. For example, studies that modify the perceived consequences 
of instability by raising the height of a standing surface show that people adopt more 
conservative postural control strategies to reduce the body’s COM displacement (Adkin 
and Carpenter 2018; Brown and Frank 1997; Carpenter et al. 2001). Furthermore, the fear 
of falling elicits changes to gait parameters such as reduced gait speed, shorter stride 
lengths, and greater gait variability in older adults (Chamberlin et al. 2005; Delbaere et al. 
2009; Maki 1997). Such safety-driven strategies are also observed when vision is altered 
(e.g., blurred vision or reduced lighting) during stair or curb negotiation, such that people 
tend to slow down, increase toe-clearance height, prolong the double-support phase, 
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and/or reduce COM displacement (Alexander et al. 2014; Buckley et al. 2005; Heasley et 
al. 2004; 2005). These findings suggest that the nervous system prioritizes balance control 
in response to the perceived threat of falling during movement. 
Taken together, balance control is a prerequisite for most everyday movements to 
ensure task success and reduce the risk of falling. As a result, decisions about how we 
move are made under constant consideration of postural threat and the potential injurious 
consequences of losing balance. Nevertheless, research exploring adaptation focusses 
predominantly on isolated movements that are devoid of any real-life consequences for 
losing balance. Thus, for this thesis, we probed how balance constraints impact 
sensorimotor learning. 
1.3. Overall goal and specific aims of this thesis 
The ability to recalibrate movement in response to sensorimotor changes is 
essential for successful motor performance over a lifetime. Research exploring 
sensorimotor learning highlights the versatility of our nervous system and demonstrates 
that learning conditions can be leveraged for improved motor performance and recovery 
following neurological disease and injury. However, most experimental paradigms assess 
adaptation during constrained tasks that fail to capture the complexity of natural movement 
and the possible role that balance plays in sensorimotor learning. Given that challenges 
to postural stability, and indeed the need to control balance, is a central component of 
voluntary movement during most everyday tasks, it is surprising that this aspect of motor 
control is often overlooked in experimental paradigms. Thus, the overall goal of this 
thesis is to determine how the necessity to maintain balance during unconstrained, 
whole-body tasks affects sensorimotor adaptation, generalization, and retention of 
newly learned movement patterns. The results of this thesis provide a novel perspective 
on how learning during unconstrained, naturalistic behaviours that necessitate balance 
control might be beneficial for motor performance. Furthermore, these findings may inform 
the development of rehabilitation interventions designed to facilitate sensorimotor learning 
in clinical populations that suffer from neurological impairments as a result of injury, 
disease, and/or aging. The following outlines the specific aims of my thesis: 
Aim 1 (Chapter 2): Determine how challenging balance during sensorimotor 
adaptation affects generalization. Research exploring adaption during isolated upper-
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limb movements demonstrates that the extent of generalization in these tasks varies 
widely and it is often quite limited. Yet, everyday experience indicates that people can 
generalize between a variety of motor behaviours. One possible explanation for this 
discrepancy is that most experimental paradigms fail to capture the complexity of real-life 
movements that often challenge our balance. We propose that the balance challenges 
associated with such naturalistic movements increase the value to the nervous system of 
using a more comprehensive and accurate internal model for motor control. We use the 
term “more comprehensive” to describe an internal model that represents more degrees 
of freedom that derive from the body’s anatomy, such as additional body segments, 
muscles, and neurons. Because a more comprehensive model is less tailored to a specific 
task, it might be more generalizable. Thus, in this first study, we test the hypothesis that 
challenging balance during adaptation increases generalization of a newly learned internal 
model.  
Aim 2 (Chapter 3): Determine how challenging balance affects sensorimotor 
savings. Safe and successful motor performance over a lifetime relies, in part, on the 
memory of past motor experiences. As maintaining balance is a primary objective of the 
nervous system, we might expect the nervous system to prioritize remembering 
information that minimizes threats to postural stability to avoid harm and ensure safe motor 
performance in the future. Thus, we propose that adaptation during balance-challenged 
tasks that require greater control to prevent falling increases the value assigned to 
maintaining a learned internal model. As it may serve to benefit future performance, we 
propose that a greater-valued model is a more retainable model. Therefore, in this study, 
we test the hypothesis that challenging balance during adaptation increases sensorimotor 
savings, reflected by faster relearning one week later. 
Aim 3 (Chapter 4): Determine how the consequence of movement error 
affects sensorimotor learning. Real-life movement errors can have severe 
consequences and result in injury. As most experimental paradigms are devoid of 
significant penalties imposed for movement errors, it is unclear how the consequence of 
being inaccurate affects how we learn new motor behaviours. In this final study, we test 
the hypothesis that a stability consequence experienced during movement errors 
increases the value of movement accuracy and enhances sensorimotor learning, reflected 
by greater generalization and motor memory consolidation. 
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Chapter 2.  
 
Challenging balance during sensorimotor adaptation 
increases generalization 
“So be sure when you step, Step with care and great tact. And remember 




From reaching to walking, real-life experience suggests that people can generalize 
between motor behaviors. One possible explanation for this generalization is that real-life 
behaviors often challenge our balance. We propose that the exacerbated body motions 
associated with balance-challenged, whole-body movements increases the value to the 
nervous system for using a comprehensive internal model to control the task. Because it 
is less customized to a specific task, a more comprehensive model is also a more 
generalizable model. Here we tested the hypothesis that challenging balance during 
adaptation would increase generalization of a newly learned internal model. We 
encouraged participants to learn a new internal model using prism lenses that created a 
new visuomotor mapping. Four groups of participants adapted to prisms while performing 
either a standing-based reaching or precision walking task, with or without a manipulation 
that challenged balance. To assess generalization after the adaptation phase, participants 
performed a single trial of each of the other group’s tasks without prisms. We found that 
both the reaching and walking balance-challenged groups showed significantly greater 
generalization to the equivalent, non-adapted task than the balance-unchallenged groups. 
Additionally, we found some evidence that all groups generalized across tasks, for 
example, from walking to reaching, and vice versa, regardless of balance manipulation. 
Overall, our results demonstrate that challenging balance increases the degree to which 




Humans are able to make an assortment of coordinated movements. This 
versatility is achieved to a large extent by adapting acquired motor skills to specific 
sensorimotor conditions or task demands. It is thought that our nervous system uses 
internal models of the body’s dynamics to help estimate the body’s state, and to determine 
appropriate motor commands for a given task (Shadmehr et al. 2010; Wolpert et al. 2011), 
though model-free mechanisms may also be relevant (see, for example, Huang et al. 
2011). The ability to transfer, or generalize, learned behaviors to novel contexts is critical 
for successful performance of everyday movements. This is also of practical importance 
following physical rehabilitation, as it enables patients to generalize what is learned in a 
clinical setting to the real world. 
Research exploring generalization has focused predominantly on adaptation 
during isolated upper limb movements. The extent of generalization in these tasks varies 
widely, but it is often quite limited (Balitsky Thompson and Henriques 2010; Carroll et al. 
2014; Ghahramani et al. 1996; Krakauer et al. 2000; Morton et al. 2001; Wang 2008; Wang 
and Sainburg 2004). There is evidence to suggest that practicing a broader range of 
movements during force field adaptation (Berniker et al. 2014) or sampling more of the 
visuomotor workspace during training (Krakauer et al. 2000) is advantageous for 
performance during generalization. However, the benefits of broad experience are not 
always apparent (Mattar and Ostry 2007, 2010). Interlimb generalization is also often 
asymmetric, with some studies reporting that adaptation with the non-dominant arm 
generalizes to the dominant arm but not vice versa (Wang and Sainburg 2003, 2004), 
while others have found the opposite (Balitsky Thompson and Henriques 2010). These 
patterns can depend on the location of the workspace and handedness (Wang and 
Sainburg 2006a,b). 
Unlike many experimental paradigms, most everyday motor tasks make use of 
multiple body segments and limbs. For instance, both hands are typically used to open a 
jar, walking requires the coordination of both legs, and reaching to grasp a doorknob 
requires coordination of multiple upper limb joints as well as the trunk and legs. It seems 
reasonable that the nervous system requires a more comprehensive internal model to 
coordinate the entire body compared to the movements of a single finger or limb. We use 
the term “more comprehensive” to describe an internal model that represents more of the 
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body’s degrees of freedom, be they arise from additional body segments, joints, muscles, 
neurons, or other aspects of the body’s biomechanics and physiology. Without a more 
comprehensive model, the nervous system would not account for the dynamic coupling 
between body segments, where motion of one segment results in acceleration of another 
(Nott et al. 2010; Yu et al. 2011; Zajac 1993). 
How might whole-body movements, where a more comprehensive model is 
important, affect generalization? Although research addressing this question is limited, 
symmetrical generalization between the two legs does occur when learning a leg tracking 
task while walking (Krishnan et al. 2017). In addition, we have shown that prism adaptation 
while walking and stepping on targets or over obstacles generalizes between the two 
tasks, albeit not completely (Alexander et al. 2013). Furthermore, the adaptation to split-
belt treadmill walking generalizes to over-ground walking to some degree (Choi and 
Bastian 2007; Torres-Oviedo and Bastian 2012), though there is limited generalization of 
this adaptation between walking and running (Ogawa et al. 2012). Interestingly, Morton 
and Bastian (2004) showed that prism adaptation of walking generalized to standing-
based reaching but not vice versa. Other research using different reaching and walking 
tasks, however, found the opposite (Michel et al. 2008): prism adaptation during reaching 
generalized to walking, but walking did not generalize to reaching. Taken together, simply 
using more of the body during adaptation does not appear to maximize generalization, 
suggesting that other factors are involved. 
Balance is fundamental to virtually all meaningful motor tasks. For instance, both 
reaching to grab a box of cereal from a shelf or walking across different terrain relies on 
appropriate foot placement and extensive muscle coordination to control the body. The 
seated, isolated upper-limb tasks typically studied in the lab fail to account for the balance 
required in real-life movements and the possible role that balance plays in sensorimotor 
learning. Even in many lab-based walking paradigms (e.g., Roemmich and Bastian 2015), 
balance is not challenged to the same extent as in real-world environments. Challenges 
to balance increase the body’s sensitivity to movement disturbances, including 
disturbances that arise from discrepancies between the nervous system’s internal model 
of the body’s dynamics and the body’s actual dynamics. For instance, under stable 
conditions, some unintended motion may be ignored and not represented in the nervous 
system’s internal model of the body, since the effects of this motion are trivial. When 
balance is challenged, however, the same motion might destabilize the body to a greater 
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extent and therefore needs to be modelled to prevent a fall. We argue that the necessity 
to control exacerbated body motions associated with balance-challenged, whole-body 
movements increases the value to the nervous system for using an accurate and 
comprehensive internal model. A more comprehensive model is also a more generalizable 
model—it is less customized to a specific task. Therefore, we tested the hypothesis that 
challenging balance during adaptation enhances generalization. 
To test our hypothesis, we had different groups of participants adapt to a novel 
visuomotor mapping induced by prism lenses while performing a standing-based reaching 
or walking task, with and without a manipulation that challenged balance. The prisms 
caused a mismatch between what the participants saw and how they moved, making their 
current internal model obsolete. The nervous system had to adapt its model to perform 
the task successfully. Previous work from our lab demonstrated model-based learning in 
prism adaptation during a precision walking task similar to that used in this study (Maeda 
et al. 2017a). We then probed generalization of this new model by having participants 
perform a different, non-adapted task/condition. As a primary test of our hypothesis, we 
probed generalization between balance-unchallenged and balance-challenged reaching 
and between balance-unchallenged and balance-challenged walking. Given the 
conflicting results of past research (Michel et al. 2008; Morton and Bastian 2004; Savin 
and Morton 2008), and as a secondary test of our hypothesis, we also probed 
generalization across the standing-based reaching and walking tasks. 
2.3. Materials and methods 
2.3.1. Participants 
Forty-eight participants (mean age ± SD: age = 22.9 ± 3.7; 25 males, 
23 females; right-limb dominant, as defined by the limb used to either kick or throw a ball), 
with no known musculoskeletal, neurological, or visual disease participated in this study. 
Four participants wore corrective lenses (glasses or contact lenses) during the 
experiments. The Office of Research Ethics at Simon Fraser University approved the 
study and each participant provided informed, written consent prior to participating. 
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2.3.2. Experimental tasks and data collection 
We randomly assigned participants to one of four adaptation groups (n = 12 each). 
Each group learned a novel visuomotor mapping induced by prism lenses (Fig. 2.1A), 
while performing either a precision reaching or walking task. These tasks were performed 
while balance was challenged (balance-challenged) or without an additional balance 
manipulation (balance-unchallenged). This created the following groups: balance-
unchallenged reaching, balance-challenged reaching, balance-unchallenged walking, and 
balance-challenged walking. We assessed how the balance manipulation affected a) the 
generalization of the learned visuomotor mapping across the different balance conditions 
for the same task (e.g., generalization from the balance-unchallenged to the balance-
challenged walking tasks), and b) the generalizability of learning across different tasks 
(e.g., from reaching balance-unchallenged to walking balance-unchallenged). To assess 
generalization, participants performed a single trial of each of the other groups’ tasks 
without prisms, as well as a non-limb-based, seated reaching task using head 
movements. Figure 2.1C illustrates the experimental tasks performed during the testing 
session.  
 
Figure 2.1 Experimental tasks 
A) A simulated view of the target through the goggles coupled with zero-diopter (non-visual-field-
shifting) lenses and 20-diopter prism lenses that shift the perceived location of the target 11.4° to 
the right. B) An illustration showing positive (+) and negative (-) medial-lateral (ML) end-point error, 
defined as the distance between a position marker on the limb and the center of the target line. AP 
= anterior-posterior direction in laboratory space. C) An illustration of each experimental task 
performed during the testing session. This includes (from left to right): reaching balance-
unchallenged, reaching balance-challenged, walking balance-unchallenged, walking balance-
challenged, and the non-limb based, seated reaching tasks. 
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For the standing-based reaching tasks, participants stood at approximately 90% 
of their arm’s length away from a screen (279 x 218 cm) and reached to the medial-lateral 
(ML) center of a back-projected target (width: 1 cm; vertical length: 12 cm) with the index 
finger of their right hand (Fig. 2.1B). As we were primarily concerned with end-point error 
in the ML dimension, we used a longer target to reduce the accuracy demand in the 
vertical dimension. Participants wore comfortable walking shoes and performed this task 
while having their balance challenged or without any additional balance manipulation. For 
the balance-unchallenged condition, participants performed the task with their feet 
approximately shoulder-width apart (Fig. 2.1C1). For the balance-challenged condition, 
participants performed the task with inflatable rubber hemispheres (radii: 8.5 cm) attached 
to the soles of their shoes to reduce the control afforded by shifting the center of pressure 
under the base of support (Fig. 2.1C2). We instructed participants to stand with their feet 
as close together as possible without the rubber hemispheres touching each other. 
Participants placed the index finger of their reaching hand on their chin before the start of 
each trial. An experimenter helped stabilize the participants before the start of each trial; 
thereafter, the participant performed the reach without any assistance. A safety harness 
system attached to the participants at all times prevented falling to the ground in the event 
of a loss of balance; however, no participant engaged the system during the course of the 
experiment. 
For the precision walking tasks, participants walked and stepped with their right 
foot onto the ML center of a projected target (3 x 36 cm) without stopping (Fig. 2.1B). As 
we were primarily concerned with end-point error in the ML dimension, we used a longer 
target to reduce the accuracy demand in the anterior-posterior (AP) dimension and to 
prevent participants from using shuffle steps near the target area. Participants took a 
minimum of two steps before and after the step to the target. The two preceding steps 
allowed participants to determine their walking trajectory and align themselves in 
preparation for the step to the target, which we positioned in the center of the walkway for 
all trials. Participants performed this task while balance was challenged and without any 
additional balance manipulation. For the balance-unchallenged condition, participants 
performed the task while wearing normal walking shoes (Fig. 2.1C3). For the balance-
challenged condition, participants performed the task with the same inflatable rubber 
hemispheres (as described above) attached to the soles of their shoes (Fig. 2.1C4). An 
experimenter helped stabilize the participants before the start of each trial. Thereafter, the 
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participant performed the task without assistance. We randomized the participant’s 
AP starting location (between 1.5 - 2.5 m) in all trials to avoid learning specific walking 
sequences or timing and to increase the demand for visual feedback during the task. 
For the reaching tasks, an LCD projector (Epson EX7200) back-projected the 
target onto a screen (279 x 218 cm). We aligned the top of the target to the participant’s 
chin. For the walking tasks, a different LCD projector (Epson PowerLight 5535U; 
brightness of 5500 lumens) displayed the target on a black uniform mat covering the 
walking path (~ 6 m long). We configured the target’s size and position in MATLAB (The 
MathWorks, Natick, MA) with the Psychophysics Toolbox, version 3 (Brainard 1997; 
Kleiner et al. 2007). To diminish the effect of environmental references and increase target 
visibility, participants performed the tasks under reduced light conditions (~0.9 lux).  
We also designed a non-limb-based, seated reaching task to serve as a universal 
comparison for generalization across adaptation groups. For this task, participants sat on 
a backless stool at approximately 90% of their arm’s length away from a screen (279 x 
218 cm) and reached with their head to the ML center of a back-projected target (1 x 12 
cm) using a pointing-instrument (tongue depressor, 1.75 x 15.24 cm) placed in their 
mouth (Fig. 2.1C5). We aligned the top of the target to the participant’s chin. The 
participants used head movements to reach to targets, while in a seated position, to 
reduce favoring the limbs involved in either reaching or walking task and to minimize the 
need to control whole-body balance. 
For all tasks, we instructed participants to be as accurate as possible when 
reaching, stepping, or head-pointing to the target. We also instructed participants to 
perform the tasks at a quick and constant pace. These guidelines minimized online 
corrections of the finger or leg/foot trajectory to more closely match previous experiments 
in which the movements are ballistic and emphasize the use of sensory feedback prior to 
movement. Participants received visual feedback through the lenses during each 
task; however, we instructed the participants to have their eyes open only when they were 
performing the task to prevent adaptation between trials. To begin a trial, participants 
opened their eyes once cued by an audible tone and immediately started moving to the 
target. An experimenter demonstrated each task prior to the testing.  
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An Optotrak Certus motion capture camera (Northern Digital, Waterloo, ON, 
Canada), positioned perpendicular to the walkway, recorded (at 120 Hz) infrared 
emitting position markers placed on the participant’s mid-back (in line with the 
sternum), index finger of the right hand, and bilaterally on the heel, mid-foot (second-third 
metatarsal head), and the toe (third metatarsal). Additionally, we attached a position 
marker to the end of the tongue depressor used during the non-limb-based, 
seated reaching task. An electromyography (EMG) system (MA300; Motion Lab Systems, 
Baton Rouge, LA), synchronized via the Optotrak data acquisition unit, recorded leg 
muscle activity at a sampling frequency of 2,040 Hz. Prior to electrode 
placement, we cleaned the skin locations with alcohol. We recorded surface EMG from 
electrodes placed bilaterally over the belly of the tibialis anterior, medial gastrocnemius, 
vastus lateralis, and biceps femoris muscles. 
2.3.3. Experimental protocol 
All participants performed baseline, adaptation, generalization, re-adaptation, and 
post-adaptation phases. During each phase, participants wore goggles coupled with 
either 20-diopter prism lenses or zero-diopter (non-visual-field-shifting) 
lenses (Fig. 2.2A). The 20-diopter prism lenses displaced the perceived location of the 
target ~11.4° to the right (Fig. 2.1A). This altered the relationship between visual inputs 
and motor commands and caused errors in the goal-directed limb movements. The 
goggles blocked a portion of the peripheral visual field, such that the participants had to 
look through the lenses during the tasks. Figure 2.2 illustrates an example of the 




Figure 2.2 Experimental protocol 
A) All participants performed baseline, adaptation, generalization, re-adaptation, and post-
adaptation phases. Depending on the phase, participants wore goggles paired with either zero-
diopter or 20-diopter lenses. B) An example using the balance-challenged walking group of the 
experimental tasks performed throughout the testing session. Participants performed a total of five 
precision reaching and walking tasks, while balance was challenged (balance-challenged, BC) or 
without an additional balance manipulation (balance-unchallenged, BU). Participants performed 
the baseline trials for the adaptation task last, prior to the adaptation phase. We randomized the 
order of the remaining baseline conditions and matched this order for the generalization tasks 
interspersed within the adaptation phase. C) An illustration of the predicted end-point error profiles 
for each phase of testing. See text for details. 
Participants performed 20 baseline trials for their respective adaptation tasks, as 
well as 20 baseline trials for each generalization task (100 trials in total) while wearing 
zero-diopter lenses. Participants performed the baseline trials for the adaptation task last, 
prior to the adaptation phase. We randomized the order of the remaining baseline 
conditions and matched this order for the generalization tasks interspersed within the 
adaptation phase. During the adaptation phase, participants learned the novel visuomotor 
mapping induced by the 20-diopter prism lenses while performing 60 trials of their 
assigned adaptation task.  
Each participant performed a total of four generalization trials, which we split into 
two phases with two generalization tasks each. Participants performed a 
single generalization trial of each of the other group’s adaptation tasks, as well as a non-
limb-based, seated reaching task using head movements. For example, the balanced-
challenged walking group performed the balance-unchallenged walking task, both the 
balance-challenged and unchallenged reaching tasks, and the non-limb-based, seated 
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reaching task (see Fig. 2.2B). Participants performed the generalization tasks with the 
zero-diopter lenses to determine if the learned mapping was applied to the different, non-
adapted task. To mitigate any de-adaptation that occurred during the generalization 
trials, participants performed 20 re-adaptation trials after each generalization phase while 
wearing the 20-diopter prism lenses (i.e., re-adaptation phases). 
Finally, participants performed one trial of their respective adaptation tasks after the 
second re-adaptation phase with the zero-diopter lenses to confirm whether the novel 
mapping is stored (i.e., post-adaptation trial). 
2.3.4. Data and statistical analysis 
We analyzed data using custom-written MATLAB programs. We used kinematic 
data (filtered using a 4th-order, 6 Hz low-pass Butterworth 
algorithm) to calculate movement speed, velocity, and acceleration profiles of 
the position markers, and to determine the end-point position of the finger, 
foot, and pointing-instrument (Maeda et al. 2017b). We used EMG data (full-
wave rectified, and low-pass filtered at 50 Hz with a 4th-order Butterworth algorithm) to 
calculate muscle activity during the reaching and walking tasks.  
We calculated reaching time and gait speed using the position markers placed on 
the index finger and the mid-back infrared marker, respectively. We determined finger and 
pointing-instrument placement on each reaching target as the time at which the position 
marker’s AP velocity and acceleration profiles stabilized to near zero. We determined foot 
placement on the target as the moment of heel-strike of the foot, derived using the vertical 
velocity of the mid-foot marker on the right foot (Maeda et al. 2017b). The ML distance 
between the respective position markers and the center of the target at these time points 
defined the ML end-point error and served to quantify adaptation and generalization. A 
positive value represents errors in the direction of the prism shift (right), and a negative 
value represents errors in the direction opposite to the prism shift (Fig. 2.1B). 
When balance is challenged, we expect to see greater trunk motion, variability in 
performance, and increased muscle activity. Therefore, to test whether balance was 
indeed more challenged in the balance-challenged conditions, we calculated measures of 
trunk motion (reflected by trunk acceleration RMS), performance variability (reflected 
by end-point error variability), and motor cost (reflected by muscle activity) during the last 
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10 baseline trials for the standing-based reaching and walking tasks. We quantified trunk 
motion as the mean AP and ML acceleration RMS of the marker on the mid-back (in line 
with the sternum) during specific time intervals, depending on the task. Specifically, for the 
reaching tasks, we calculated trunk motion during the reach to the target, defined as the 
period between when the AP velocity of the finger or pointing-instrument marker exceeded 
five standard deviations of the mean (calculated over the first 0.4 seconds, or 50 frames 
of motion capture data, prior to reach initiation) and then stabilized back to zero. For the 
walking tasks, we calculated trunk motion during one full step cycle, defined as the 
period from heel strike of the non-dominant leg before the target to heel strike of the non-
dominant leg after the target. We quantified performance variability as the standard 
deviation of the ML end-point error of the relevant position markers for each task. 
Finally, we calculated a metric for total muscle activation (TMA) for each task to quantify 
motor cost (Domínguez-Zamora and Marigold 2019). We reasoned that decreased 
stability due to the balance challenge requires greater leg muscle activation to control the 
whole body. We separated the EMG data into the reaching and stepping time intervals 
mentioned above. We first calculated the muscle activation (MA) for each individual 
muscle: 




where EMGArea is the area under the muscle profile during each time interval 
and EMGAreaSRT is the area under the ensemble averaged profile, calculated using the 
trapezoid method, of the non-limb-based, seated reaching task. We reasoned that the 
seated reaching task would elicit the least amount of lower-limb muscle activity and serve 
as a suitable (common) baseline to compare motor cost across standing-based reaching 
and walking tasks. To account for differences in muscle volume, we used normalized 
volume fraction values (see Supplementary Table 1 in Handsfield et al. 2014) to calculate 
a common weighting factor for each muscle (i) for all participants, such that the sum of the 










Finally, we calculated the TMA using a weighted arithmetic mean:  
 𝑇𝑀𝐴 = ∑ 𝑊𝑒𝑖𝑔ℎ𝑡 𝐹𝑎𝑐𝑡𝑜𝑟𝑖
′ × 𝑀𝐴𝑖
8
𝑖=1  (2.3) 
where i is each muscle that is analyzed. We used this method to account for 
differences in muscle volume and their relative contribution to muscle activity, where high 
volume muscles contribute more than low volume muscles. To determine differences in 
trunk motion, performance variability, and motor cost, we used separate two-sample t tests 
to determine the differences in balance measures for the reaching and walking groups. 
To determine if the learned visuomotor mapping generalized to the non-adapted 
tasks, we performed separate one-tailed, paired t tests to compare the mean end-point 
error of the last 10 baselines trials of the task to the end-point error of the generalization 
trial for each non-adapted task. We used a one-tailed test since errors in the direction 
opposite to the learned prism shift (i.e., a negative aftereffect) indicate generalization. To 
quantify the magnitude of generalization, we calculated a Generalization Index:  
 𝐺𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =
(𝐺𝑖1 –𝐵𝑙1)
(𝑃𝑖2 – 𝐵𝑙2)
∗ 100 (2.4) 
where i is the initial trial of the particular phase; l is the mean of the last ten trials 
of the particular phase; B, G, and P refer to the baseline, generalization, and post-
adaptation phases; 1 is the task for which transfer is being tested; and 2 is the adaptation 
task (Savin and Morton 2008). This measure calculates the percentage of learning 
(normalized by baseline performance) that is transferred to the non-adapted tasks, where 
100% represents complete generalization. We used separate independent (two-tailed) t 
tests to compare the magnitude of generalization between the different balance conditions 
for the reaching and walking tasks.   
We used JMP 14 software (SAS Institute Inc., Cary, NC) with an alpha level of 
0.05 for all statistical analyses. For ANOVA’s, we used Tukey’s post hoc tests when we 
found significant main effects of Phase. 
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2.4. Results 
Four groups of participants adapted to a novel visuomotor mapping induced by 
prism lenses while performing either a precision reaching or walking task, with or without 
an additional balance manipulation. We assessed how challenging balance during the 
standing-based reaching and walking tasks affected the generalization of learned 
sensorimotor mappings across different balance conditions for the same task (e.g., 
generalization from the balance-unchallenged to the balance-challenged walking tasks, 
and vice versa). We also tested the generalizability of learning across different tasks (e.g., 
from reaching balance-unchallenged to walking balance-unchallenged). 
2.4.1. Our manipulation successfully challenges balance 
To confirm that maintaining balance is more challenging in the balance-challenged 
conditions, we calculated measures of trunk motion, task performance variability, and 
motor cost during the last 10 trials of the baseline phases for the standing-based reaching 
and walking tasks. The results are illustrated in Figure 2.3. Separate two-sample t tests 
showed that the balance-challenged conditions had significantly greater trunk motion in 
the AP (reaching: t46= 3.8, p = 0.0003; walking: t46= 5.3, p = 3.429e-6) and ML dimensions 
(reaching: t46= 2.3, p = 0.028; walking: t46= 5.1, p = 5.727e-6). Similarly, we found 
significantly greater performance variability (reaching: t46= 2.8, p = 0.007; walking: t46= 5.1, 
p = 7.399e-6) in the balance-challenged conditions. Lastly, the balance-challenged groups 
showed increased motor cost compared to the balance-unchallenged groups for both 
tasks (reaching: t46= 5.8, p = 5.612e-7; walking: t46= 3.2, p = 0.003). This is also evident 
in Figures 2.4 and 2.5. Thus, the rubber hemispheres worn under the feet successfully 
challenged balance during both standing and walking. 
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Figure 2.3 Balance measures 
The effects of our balance manipulation on trunk motion (reflected by trunk acceleration RMS), 
performance variability (reflected by limb end-point error variability), and motor cost (reflected by 
muscle activity), during the last 10 baseline trials for the A) standing-based reaching tasks and B) 
walking tasks. Data are represented as mean ± SE. *Indicates that values are significantly different 
from each other (p < 0.05). 
2.4.2. Challenging balance does not impair the ability to adapt to the 
prisms 
Participants in all groups performed each task without making online corrections. 
We verified the absence of sudden changes in marker trajectory by analyzing the 
displacement and velocity profiles of the markers placed on the finger, mid-foot, and 
pointing instrument (Maeda et al. 2017b). For the standing-based reaching tasks, we did 
not detect significant differences in the average reaching times during the adaptation 
phase (t22= 0.2, p = 0.847) between the balance-unchallenged (0.49 ± 0.1 s) and the 
balance-challenged (0.48 ± 0.1 s) groups. Similarly, we did not detect a significant 
difference in average gait speed between walking groups during adaptation (balance-
unchallenged: 1.33 ± 0.13 m/s; balance-challenged: 1.22 ± 0.19 m/s; t22= 1.6, p = 0.133). 
Furthermore, we found no significant differences in reaching times (F3,44= 0.02, p = 0.996) 
and gait speeds (F3,44= 0.8, p = 0.155) between baseline and adaptation phases or 
balance condition. 
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Figure 2.4 illustrates the finger trajectory as well as leg muscle activity during a 
late baseline trial and the first adaptation phase trial during the standing-based reaching 
task. Representative participants from the reaching balance-unchallenged and reaching 
balance-challenged groups are shown. Figure 2.5 illustrates the foot trajectory as well as 
leg muscle activity during a late baseline trial and the first adaptation phase trial during 
the precision walking task. Representative participants from the walking balance-
unchallenged and walking balance-challenged groups are shown. 
 
Figure 2.4 Participant behavior during reaching 
An illustration of finger trajectory (dashed line) and end-point placement relative to the target (black 
rectangle), as well as leg muscle activity during a late baseline trial and the first adaptation trial for 
the standing-based reaching tasks. Representative participant data from the A) balance-
unchallenged and B) balance-challenged reaching groups are shown. Dashed arrows indicate 
medial-lateral end-point error during the adaptation trials. Bilateral muscle activity recorded from 
the tibialis anterior (TA), medial gastrocnemius (MG), vastus lateralis (VL), and biceps femoris (BF) 
muscles, where L and R denote the left and right leg, respectively. 
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Figure 2.5 Participant behavior during walking. 
An illustration of foot trajectories (dashed lines) and foot placement relative to the target (black bar), 
as well as leg muscle activity during a late baseline trial and the first adaptation trial for the precision 
walking tasks. Representative participant data from the A) balance-unchallenged and B) balance-
challenged walking groups are shown. Data are presented over two strides (two steps prior to the 
step to the target and one step after the target) and depict the moment of heel strike (denoted by 
the shoeprints) and stance phase for each leg (horizontal lines). Dashed arrows indicate the medial-
lateral foot-placement error during the adaptation trials. Bilateral muscle activity recorded from the 
tibialis anterior (TA), medial gastrocnemius (MG), vastus lateralis (VL), and biceps femoris (BF) 
muscles, where L and R denote the left and right leg, respectively. 
Upon initial exposure to the 20-diopter (rightward-shifting) prism lenses, 
participants showed a large, rightward deviation in limb placement to the target for the 
reaching (balance-unchallenged: 53.5 ± 18.2 mm, balance-challenged: 49.9 ± 18.1 mm) 
and walking (balance-unchallenged: 283.6 ± 36.2 mm, balance-challenged: 263.5 ± 44.6 
mm) tasks. The end-point error gradually returned to near-baseline levels as the 
participants adapted to the prisms. We found no significant differences in the mean end-
point error of the last five trials between each adaptation phase for the reaching (balance-
unchallenged: F2,33= 0.07, p = 0.935, balance-challenged: F2,33= 0.4, p = 0.682) and 
35 
walking (balance-unchallenged: F2,33= 0.2, p = 0.795, balance-challenged: F2,33= 0.03, p = 
0.968) groups. Following the adaptation phases, removal of the prism lenses resulted in 
a large end-point error to the left of the target (i.e., a negative aftereffect). Finally, we did 
not detect significant differences in the end-point error for the post-adaptation trials 
between balance conditions for the reaching (t22= 0.4, p = 0.725) or walking (t22= 0.3, p = 
0.779) tasks. Taken together, our balance manipulation did not impair adaptation to the 
novel, prism-induced visuomotor mapping.  
2.4.3. Challenging balance increases within-task generalization 
To determine if the learned visuomotor mappings generalized within the same 
reaching task (e.g., from reaching balance-unchallenged to reaching balance-challenged), 
participants performed a single trial of the non-adapted reaching task with the zero-diopter 
lenses after adaptation. To assess generalization, we compared the mean end-point error 
of the last 10 baselines trials to the end-point error of the generalization trial for the non-
adapted task. Errors in the direction opposite to the learned prism shift (i.e., a negative 
value) indicate generalization. We found that the balance-unchallenged reaching group 
generalized to the (non-adapted) balance-challenged reaching task (t11= 5.4, p = 0.0001) 
and the balance-challenged reaching group (t11= 7.8, p = 4.19e-6) generalized to the (non-
adapted) balance-unchallenged reaching task (Fig. 2.6A). To assess the effect of 
challenging balance on generalization, we compared the magnitude of generalization 
across balance conditions for each reaching task using our Generalization Index. This 
measure calculates the percentage of learning that is generalized to the non-adapted 
tasks, where 100% represents complete generalization. We found that while the balance-
unchallenged group generalized approximately 47% to the balance-challenged task, the 
balance-challenged group generalized approximately 83% to the balance-unchallenged 
task. According to the Generalization Index, the balance-challenged reaching group 
showed significantly greater percent generalization (t22= 3.9, p = 0.0008) compared to the 
balance-unchallenged reaching group (Fig. 2.6B). 
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Figure 2.6 Generalization within reaching tasks 
The effects of challenging balance on A) generalization to the non-adapted reaching task. Here, 
we compared the mean end-point error of the last 10 baselines trials to the end-point error of the 
generalization trial for the non-adapted task. The balance-unchallenged reaching group (blue) 
generalized to the non-adapted, balance-challenged reaching task. Similarly, the balance-
challenged reaching group (red) generalized to the non-adapted, balance-unchallenged reaching 
task. B) The magnitude of generalization for the two reaching groups, calculated using the 
Generalization Index.  Data are represented as mean ± SE. *Indicates that values are significantly 
different from each other (p < 0.05). 
The above pattern of generalization also held true for walking in that both the 
balance-unchallenged group (t11= 3.1, p = 0.005) and balance-challenged group (t11= 7.9, 
p = 3.52e-6) generalized to the non-adapted walking task (Fig. 2.7A). According to the 
Generalization Index, the balance-unchallenged group generalized approximately 54% to 
the balance-challenged task, while the balance-challenged group generalized 
approximately 102% to the balance-unchallenged task. Similar to the reaching groups, the 
balance-challenged walking group showed significantly greater percent generalization 
(t22= 2.6, p = 0.018) (Fig. 2.7B). Thus, challenging balance enhanced generalization for 
both the reaching and walking groups. 
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Figure 2.7 Generalization within walking tasks 
The effects of challenging balance on A) generalization to the non-adapted walking task. Here, we 
compared the mean end-point error of the last 10 baselines trials to the end-point error of the 
generalization trial for the non-adapted task. The balance-unchallenged walking group (green) 
generalized to the non-adapted, balance-challenged walking task. Similarly, the balance-
challenged walking group (yellow) generalized to the non-adapted, balance-unchallenged walking 
task. B) The magnitude of generalization for the two walking groups, calculated using the 
Generalization Index.  Data are represented as mean ± SE. *Indicates that values are significantly 
different from each other (p < 0.05). 
2.4.4. The effects of challenging balance on across-task 
generalization 
As a secondary test of our hypothesis, we tested whether learning also generalizes 
across tasks (e.g., from reaching balance-unchallenged to walking balance-
unchallenged). To answer this question, for each of our four groups, we compared end-
point error between the baseline and generalization phases of their non-adapted tasks. 
The results are summarized in Table 2.1 and illustrated in Figure 2.8. First, we determined 
whether this was the case for the balance-unchallenged reaching group. Interestingly, this 
38 
group was the only one to show significant generalization to the non-limb-based, seated 
reaching task (t11= 3.2, p = 0.004). However, the balance-unchallenged reaching group 
did not generalize to the balance-unchallenged (t11= -0.4, p = 0.638) or balance-challenged 
(t11= -0.3, p = 0.632) walking tasks. Second, we determined whether the balance-
challenged reaching group generalized across tasks. Although this group generalized to 
the balance-unchallenged walking task (t11= 3.7, p = 0.002), it did not show significant 
generalization to the seated reaching (t11= 0.5, p = 0.302) or balance-challenged walking 
(t11= 0.7, p = 0.254) tasks. Third, we determined whether the balance-unchallenged 
walking group generalized across tasks. This group generalized to the balance-challenged 
reaching task (t11= 2.3; p = 0.020), but not to the seated (t11= 1.7, p = 0.063) or balance-
unchallenged (t11= -0.2, p = 0.575) reaching tasks. Finally, we determined whether the 
balance-challenged walking group generalized across tasks. This group generalized to 
the balance-challenged reaching task (t11= 2.4, p = 0.018). However, we found no 
significant generalization to the seated reaching task (t11= 1.6, p = 0.072) or the balance-
unchallenged reaching task (t11= -1.1, p = 0.846). In summary, there is mixed evidence 













Table 2.1. Across-task generalization 
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Figure 2.8 Generalization summary 
A summary diagram of the significant within- and across-task generalization. The percent values 
represent the magnitude of generalization, calculated using the Generalization Index (mean ± SD). 
2.5. Discussion 
The ability to generalize movement to novel contexts is an important component 
of learning and contributes to an array of skilled everyday motor behaviors. Here, we 
tested the hypothesis that challenging balance during adaptation would increase 
generalization. We found that challenging balance resulted in greater generalization for 
both the reaching and walking tasks. These results suggest that the effects of challenging 
balance are not specific to the task, but instead, apply to motor learning more broadly. 
Thus, it appears that challenging balance leads to a more generalizable model. Although 
we demonstrate strong evidence for this concept, the explanation for these findings is less 
clear. We discuss possible reasons below. 
41 
2.5.1. Challenging balance may increase the value assigned to the 
learned internal model 
Challenging balance doubled the amount of generalization for both the reaching 
and walking tasks. One hypothesis for this enhanced generalization is that learning under 
balance-challenged conditions increases the value (or importance) assigned to the 
updated internal model. This change in assignment may result from the necessity to 
control exacerbated motion of the body induced by the rubber hemispheres to maintain 
balance or occur because of the perceived threat of falling and causing injury. 
When balance is challenged, the effects that the motion of one body segment or 
limb has on the motion of another become more pronounced due to the interconnected 
nature of our musculoskeletal system. Consequently, the nervous system requires better 
control over the body to maintain an upright position and to ensure successful task 
performance. This may increase the computational demand on the sensorimotor system, 
as well as the mechanical and metabolic demand on the musculoskeletal system. 
Ultimately, decisions about movement control involve weighing the benefits of potential 
rewards (or penalties) associated with the task against the effort required to act (Gallivan 
et al. 2018). These decisions require an estimate of the value associated with allocating 
control to a given task (i.e., the expected value of control) to determine if it is worth 
pursuing (Rangel et al. 2008; Shenhav et al. 2013). The goal of our tasks was to hit a 
target with either the finger or the foot. In each case, the inability to minimize unwanted 
motion of the body would jeopardize the likelihood of success. Thus, there is increased 
value in controlling balance. 
Although we did not directly measure fear or anxiety, the increased risk of falling 
and injury during the balance-challenged tasks may have altered these emotions and thus 
also contributed to the generalization patterns observed for these groups. Perceived threat 
and fear of falling can significantly affect balance and gait (Adkin et al. 2002; Adkin and 
Carpenter 2018). There is also evidence suggesting that colliding with an obstacle during 
prism adaptation may facilitate subsequent generalization (Alexander et al. 2013). 
Similarly, Green et al. (2010) argue that arousal level, which reflects perceived risk and 
task difficulty, affects locomotor aftereffects experienced during walking on a stationary 
sled that was previously moving (also known as the “broken escalator phenomenon”). 
These studies suggest that perceived threat can modulate generalization. 
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In the present study, the perceived threat associated with the risk of falling during 
the balance-challenged tasks may have modified the value assigned to the model and 
altered the strategy used during generalization. From a safety perspective, it’s more 
important to get the right strategy when balance is challenged then it is to get the wrong 
strategy when balance is not challenged. Thus, it’s better to broadly generalize the learned 
balance-challenged strategy and not take the risk of selecting the wrong strategy. This is, 
to some extent, related to statistical decision theory in that our participants might have 
chosen to adopt a more conservative “just in case” approach to minimize the probability 
of being penalized for selecting the incorrect strategy (Trommershäuser et al. 2003). In 
these circumstances, participants are able to leverage their knowledge about a 
perturbation to consciously modify their motor performance. This notion is supported by 
recent research demonstrating that generalization is maximized around the intended 
location of an explicitly accessible motor plan (Day et al. 2016; McDougle et al. 2017). 
Furthermore, there is evidence to suggest that explicit components of learning generalize 
broadly across the workspace (Heuer and Hegele 2008, 2011). 
Another possible contributing factor for the enhanced within-task generalization 
observed in our balance-challenged groups is that our balance manipulation might alter 
the assignment of errors experienced during adaptation. Previous research shows that 
solving the credit assignment problem is essential for sensorimotor recalibration and that 
changes in the assignment of errors can modulate generalization (Berniker and Kording 
2008; Fercho and Baugh 2014; Kluzik et al. 2008; Torres-Oviedo and Bastian 2012; Wilke 
et al. 2013). For example, previous research has concluded that errors within the natural 
range of movement variability are typically assigned to the person (i.e., produced by the 
body) and generalize beyond training, whereas unusual or abrupt errors are frequently 
attributed to an external source (i.e., produced by the environment) and are largely context 
dependent (Torres-Oviedo and Bastian 2012). By this logic, however, our balance-
challenged groups should have demonstrated less generalization because they 
experience exaggerated movements during adaptation that should, in theory, be attributed 
to an external source (i.e., the rubber hemispheres). In contrast, we demonstrate that our 
balance-challenged groups exhibit significantly greater generalization compared to their 
balance-unchallenged counterparts. One possible explanation for our seemingly 
contradictory findings may relate to the nature of our balance manipulation. During our 
balance-challenged tasks, the direction and magnitude of the perturbation may be directly 
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associated with the participant’s own movement, since the rubber hemispheres are 
attached to their feet. As a result, this manipulation may shift the assignment of errors 
experienced during adaptation from the environment to the person, and they may attribute 
performance errors to their inability to produce accurate movements. Coupled with the 
increased necessity for greater control, this potential change in credit assignment toward 
errors in motor execution may favor context-independent adaptation and strengthen 
generalization across motor behaviors. 
Prisms induce a visuo-proprioceptive mismatch, and as such, adaptation entails 
some combination of remapping these sensory signals with motor signals responsible for 
re-establishing movement accuracy (Hay and Pick 1966; Petitet et al. 2018; Redding and 
Wallace 1988). What role, if any, does sensory information play in the improved 
generalization of our balance-challenged groups? Although we did not design our 
experiment to address this question, we can still speculate as to a possible answer. Our 
balance manipulation led to greater upper-body motion and limb movement variability 
relative to the balance-unchallenged condition. Increased upper-body motion would result 
in greater optic flow as well as greater activation in vestibular organs. The exaggerated 
body motion, in conjunction with the increased limb movement variability, would also alter 
proprioceptive feedback during the adaptation. One future testable hypothesis is that 
heightened activity in visual, vestibular, and proprioceptive pathways facilitates the 
formation of a more comprehensive internal model, which in turn enhances generalization. 
The greater necessity for control, combined with the greater risk of falling, may 
increase recruitment of certain brain areas. Indeed, neuroimaging studies show that 
coordinated movement involves a distributed network of brain activity that may be 
increased during more complex tasks (Debaere et al. 2001; Hülsdünker et al. 2015, 2016; 
Swinnen 2002). For example, overall activity in the supplementary motor area, cingulate 
motor cortex, premotor cortex, primary motor cortex, somatosensory cortex, and 
cerebellum during tasks that require across-limb coordination exceeds that observed 
during isolated limb movements (Debaere et al. 2001). Furthermore, challenging balance 
during standing results in greater electroencephalography spectral power within certain 
frequencies across many different cortical regions (Hülsdünker et al. 2015, 2016). In 
conjunction, perceived threat may contribute to broader behavioral generalization through 
the recruitment of brain areas that mediate negative reinforcers and respond to aversive 
stimuli, such as the ventral striatum and the amygdala (Armony et al. 1997; Bromberg-
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Martin et al. 2010; Jensen et al. 2003; Taub and Mintz 2010; Tom et al. 2007). These 
changes in brain activity may reflect (or serve to reinforce) the value placed on the updated 
internal model. The anterior cingulate cortex is thought to contribute to the estimated value 
of control by integrating information about the expected payoff and cost related to 
allocating control to a given task (Shenhav et al. 2013). Interestingly, this region is one of 
several that show greater theta band spectral power with a loss of balance during walking 
(Sipp et al. 2013). One potential future direction of our work is to determine how changes 
in brain activity during our tasks relates to the observed generalization patterns. 
Taken together, the necessity to control exacerbated body motions and the 
perceived threat associated with the balance-challenged conditions may each 
contribute—to varying degrees—to generalization. Each of these contributions may 
accomplish this by altering the learning process and increasing the value assigned to the 
internal model formed during adaptation. As such, we propose that this greater valued 
model increases generalization. 
2.5.2. Challenging balance modulates across-task generalization 
The reaching and walking groups showed bi-directional, within-task generalization. 
For example, the balance-challenged reaching group generalized to the balance-
unchallenged reaching task, and vice versa. These results are unsurprising and support 
the substantial amount of evidence demonstrating generalization among tasks that share 
similar movement characteristics (Carroll et al. 2014; Gandolfo et al. 1996; Ghahramani 
et al. 1996; Thoroughman and Shadmehr 2000; Morton et al. 2001; Mattar and Ostry 
2010). Is there evidence that challenging balance affects generalization across different 
tasks (e.g., from reaching to walking, and vice versa)? 
To compare the magnitude of generalization across tasks, we normalized the 
generalization trials to the participants’ performance during baseline and used the post-
adaptation trial as an indication of how much each participant learned during adaptation 
(Savin and Morton 2008). One possible issue with this method is that the post-adaptation 
trial was performed at the end of our protocol, after several adaptation phases, and 
therefore may not be a true reflection of adaptation. We based our protocol decision on a 
practical compromise to accommodate multiple across-task generalization trials 
(randomized) and based our generalization index decision to account for individual 
45 
differences in learning. There are alternative ways to quantify generalization using the 
initial and final adaptation error to reflect learning (Carroll et al. 2014; Morton et al. 2001). 
As an additional test, we quantified generalization using these methods. Although our 
results are consistent, the percentage values were substantially higher (between 140 - 
210%) when using the adaptation trials to quantify learning. Furthermore, the magnitude 
of the post-adaptation trials in the present study are comparable to the results from 
previous studies from our lab (Maeda et al. 2017a). Given that our results do not depend 
on the whether we use the post-adaptation or adaptation trials as an indicator of learning, 
we argue that our choice of generalization index is both suitable and appropriate. 
We show that challenging balance modulates generalization across reaching and 
walking tasks. For example, we found that the balance-challenged reaching group 
generalized to the balance-unchallenged walking task, whereas the balance-unchallenged 
reaching group did not generalize to either walking task (Table 2.1; Fig. 2.8). Both of the 
walking groups also showed small, but significant, generalization (~8%) to the reaching 
balance-challenged task. However, we found no difference between the two balance 
conditions. We reason that the lack of a significant contribution of the upper limbs during 
the walking tasks may have limited further generalization to the reaching tasks. In contrast, 
reaching to the target while balance was challenged required rigorous control of the lower 
limb and trunk muscles to counter this perturbation, maintain balance, and complete the 
task successfully. Thus, the balance-challenged reaching task arguably requires the 
greatest interdependent control of the upper and lower limbs for task success, the benefits 
of which are reflected in the noteworthy generalization (~24%) to the walking balance-
unchallenged task. We did not find significant generalization between the balance-
unchallenged reaching and walking tasks, which contradicts the findings of Morton and 
Bastian (2004). These conflicting results may relate to the differences between the walking 
tasks being evaluated. For example, our study assessed adaptation during a precision 
walking task using end-point error while the other study measured the extent of lateral 
deviation along the walking path. Finally, we show that only the balance-unchallenged 
reaching group generalized to the non-limb-based, seated reaching task. These findings 
support the results from Seidler et al. (2001) that showed arm adaptation generalizes to a 
head pointing task. However, the reasons for the lack of significant generalization 
observed from the other groups is unclear. It is possible that our non-limb-based task was 
sub-optimal for the purpose of comparing generalization across groups. Overall, given the 
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pattern and limited extent of generalization across our reaching and walking tasks, it is 
clear that there are still other non-balance-related factors contributing to the transfer of 
learning. 
2.5.3. Conclusion 
Taken together, our results demonstrate that challenging balance enhances the 
degree to which visuomotor mappings generalize to untrained movements. We propose 
that challenging balance increases the value assigned to the internal model formed during 
learning, whether this be from a greater need to control motion at different body segments 
or greater perceived threat, thus making it more generalizable. Overall, our study 
demonstrates the significance of studying motor learning during unconstrained, natural 
behaviors. 
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Analysis, A.B.; Writing – Original Draft, A.B. and D.S.M; Writing – Reviewing & Editing, 




Chapter 3.  
 
Savings in sensorimotor learning during balance-
challenged walking but not reaching 




Safe and successful motor performance relies on the ability to adapt to 
physiological and environmental change and retain what is learned. An open question is 
what factors maximize this retention? One overlooked factor is the degree to which 
balance is challenged during learning. We propose that the greater need for control and/or 
perceived threat of falling or injury associated with balance-challenging tasks increases 
the value assigned to the learned internal model. And we propose that a greater-valued 
model is a more retainable model, as it serves to benefit future motor performance. Thus, 
we tested the hypothesis that challenging balance increases motor memory retention. 
Four groups of participants adapted to a novel visuomotor mapping induced by prism 
lenses while performing a reaching or walking task, with and without an additional balance 
challenge. We found that challenging balance did not disrupt visuomotor adaptation during 
reaching or walking. We then probed retention by having participants repeat the 
adaptation protocol one week later. For reaching, we found that the balance-challenged 
group recalled the mapping, though neither group demonstrated faster relearning (i.e., 
savings) upon re-exposure to the prisms. In contrast, both walking groups demonstrated 
significant motor memory retention, reflected by initial recall and savings. Additionally, we 
found that challenging balance significantly enhanced savings during walking. Taken 
together, our results demonstrate the robustness of motor memories formed during 
walking and highlight the potential influence of balance control on sensorimotor learning. 
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3.2. Introduction 
Sensorimotor adaptation serves to maintain movement accuracy in response to 
altered body states, environmental conditions, or task demands. For example, the effects 
of aging and injury can disrupt the normal relationship (or mapping) between sensory input 
and motor output, causing errors in movement that are thought to drive adaptation 
(Mazzoni and Krakauer 2006; Tseng et al. 2007; Wallman and Fuchs 1998). An interesting 
observation following sensorimotor adaptation is the phenomenon known as savings, 
whereby people demonstrate faster adaptation (or relearning) when they re-encounter a 
familiar perturbation (Brashers-Krug et al. 1996; Krakauer et al. 2005). These performance 
savings are often considered an indicator of motor memory retention and demonstrate the 
potential benefit of past experience on subsequent learning. As our bodies and the 
environment change over time, the ability to adapt to these changes and retain what is 
learned becomes important for successful motor performance in everyday life. This is also 
clinically relevant, as it can facilitate rehabilitation by enabling patients to capitalize on 
previous training. 
Research in both reaching and walking demonstrates that motor memories formed 
during sensorimotor adaptation are retained for extended periods of time (Brashers-Krug 
et al. 1996; Day et al. 2018; Haith et al. 2015; Huberdeau et al. 2015; Hussain and Morton 
2014; Klassen et al. 2005; Krakauer et al. 2005; Leech et al. 2018; Leech and Roemmich 
2018; Maeda et al. 2017b; 2018; Malone et al. 2011; Mawase et al. 2014; Roemmich and 
Bastian 2015). However, the extent to which motor memories are retained and savings 
occurs is often dictated by the initial training conditions, such as the size of the perturbation 
(Leech et al. 2018; Malone et al. 2011; Morehead et al. 2015) and exposure duration 
(Alhussein et al. 2019; Day et al. 2018; Landi et al. 2011; Nguyen et al. 2019; Roemmich 
and Bastian 2015; Yamamoto et al. 2006). Interestingly, previous studies demonstrate 
that motor memories formed during overground walking are stored for at least one week 
and even up to one year without additional training and despite exposure to a competing 
mapping in the first testing session (Maeda et al. 2017b, 2018). This suggests that motor 
memories formed during walking are, at least to some extent, resistant to interference.  
From making your morning coffee to running to catch a bus, most everyday 
movements require the individual to control balance to achieve some predetermined goal. 
However, this aspect of daily motor behavior is often overlooked in experimental 
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paradigms, particularly in studies that assess sensorimotor adaptation during seated, 
reaching tasks where maintaining balance is not a major concern. Consequently, most 
adaptation research does not account for the possible role that balance plays in 
sensorimotor learning. In a recent study from our lab, we explored the notion that balance-
challenges associated with unconstrained, real-life movements may increase the value to 
the nervous system for using a more accurate and comprehensive internal model for motor 
control (Bakkum et al. 2020). We reasoned that when balance is challenged, the effects 
of dynamic coupling between body segments, where motion of one segment results in 
acceleration of another, become more pronounced because of the interconnected nature 
of our musculoskeletal system (Nott et al. 2010; Yu et al. 2011; Zajac 1993). Consequently, 
the nervous system requires a more comprehensive internal model for better control over 
the body to ensure safe and successful task performance. As it is less tailored to a specific 
task, a more comprehensive model may be a more generalizable model. Indeed, we found 
that challenging balance during sensorimotor adaptation significantly increased 
generalization in both reaching and walking tasks (Bakkum et al. 2020), suggesting that 
the effects of challenging balance may apply broadly to sensorimotor learning. 
How might a high-value internal model affect retention of motor memories? By 
definition, for something to have value it must be useful or important, which implies there 
is potential for some prospective gain or benefit. It seems reasonable that our memory 
systems are tuned to remember certain kinds of information better than others, particularly 
if we are able to capitalize on that information for a future advantage. For instance, it is 
more important to remember information about potential threats or rewards as opposed to 
arbitrary occurrences. From a motor control perspective, this may pertain to drawing from 
past experiences to help safely navigate new environments or recalling information that 
may increase the likelihood of future task success. This concept is referred to as adaptive 
memory, and it is based on the premise that our memory systems evolved to process and 
retain survival-related information (Nairne et al. 2007; Nairne et al. 2008; Nairne and 
Pandeirada 2016). Following this reasoning, one might expect that people would exhibit 
enhanced retention for motor memories formed under threatening conditions. While 
research on this topic is limited, there is evidence to suggest that perceived threat can 
modulate motor memory retention. For instance, studies show that older adults are able 
to rapidly learn to resist falls from repeated-slip exposure and that these motor 
memories are retained for months after a single training session (Bhatt et al. 2006; Bhatt 
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et al. 2012; Pai et al. 2014). We argue that, be it from the greater need for control over 
moving body segments or from a greater perceived threat, challenging balance increases 
the subjective value assigned to maintaining the internal model updated during learning. 
Thus, a greater-valued model is a more retainable model. 
Here, we tested the hypothesis that challenging balance during adaptation 
enhances motor memory retention, reflected by greater recall and faster relearning (i.e., 
savings). To test this hypothesis, we encouraged four groups of participants to adapt to a 
novel visuomotor mapping induced by prism lenses while performing a standing-based 
reaching or walking task, with or without an additional balance manipulation. To regain 
movement accuracy and perform the task successfully, the nervous system had to update 
its internal model (Maeda et al. 2017a). We assessed the effects of challenging balance 
during adaptation to both standing-based reaching and walking to determine whether 
these effects, if any, were specific to the task or applied to sensorimotor learning more 
generally. We then probed savings of the new internal model by having participants repeat 
the adaptation protocol one week later. 
3.3. Materials and methods 
3.3.1. Participants 
This study included a total of forty-eight young adults (mean age ± SD, 22.9 ± 3.7 
years; 25 males, 23 females; right-limb dominant, as defined by the limb used to either 
kick or throw a ball), with no known visual (four participants wore corrective lenses or 
glasses), neurological, or musculoskeletal disease. These participants were part of a 
previous study which focused on the effects of challenging balance on generalization 
(Bakkum et al. 2020). Following the initial training session, the participants returned to the 
lab one-week later to probe motor memory retention. As such, this study focusses on the 
effects of challenging balance on retention of motor memories formed during reaching and 
walking tasks. The Office of Research Ethics at Simon Fraser University approved the 
study protocol and all participants provided informed, written consent prior to their 
participation.  
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3.3.2. Experimental tasks and data collection 
All participants adapted to a novel visuomotor mapping induced by prism lenses 
(Fig. 3.1A), while performing either a precision reaching or walking task. Participants 
performed these tasks without an additional balance manipulation (balance-unchallenged; 
Fig. 3.1C) or while balance was challenged (balance-challenged; Fig. 3.1D). We randomly 
assigned participants to one of four adaptation groups (n = 12 each), namely: balance-
unchallenged reaching, balance-challenged reaching, balance-unchallenged walking, and 
balance-challenged walking. We assessed how the balance manipulation affected 
adaptation to a novel visuomotor mapping and relearning (or savings) of the learned 
mapping one week later. 
 
Figure 3.1 Experimental tasks 
A) A simulated view of the target through the goggles coupled with zero-diopter (non-visual-field-
shifting) lenses and 20-diopter prism lenses that shift the perceived location of the target 11.4° to 
the right. B) An illustration showing positive (+) and negative (-) medial-lateral (ML) end-point error, 
defined as the distance between a position marker on the limb and the center of the target line. AP, 
anterior-posterior direction in laboratory space. C) An illustration of the balance-unchallenged 
reaching and walking task. D) An illustration of the balance-challenged reaching and walking tasks. 
For the precision reaching tasks, participants stood in front of a screen positioned 
at a distance of approximately 90% of their arm’s length. Each participant placed the index 
finger of their reaching hand on their chin before the start of each trial. Once cued by an 
audible tone, participants reached using their index finger to the medial-lateral (ML) center 
of a target (width: 1 cm; vertical length: 12 cm; Fig. 3.1B). Because the prism goggles shift 
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visual perception in the ML direction, we only evaluated ML end-point error, and we used 
a longer target to reduce the demand for accuracy in the vertical dimension. We used a 
projector (Epson EX7200) to back-project the target onto a screen (279 x 218 cm) and 
aligned the top of the target to the height of the participant’s chin for each balance 
condition. We configured the reaching target’s size and position in MATLAB (The 
MathWorks, Natick, MA) with the Psychophysics Toolbox, version 3 (Brainard 1997; 
Kleiner et al. 2007). Participants wore comfortable walking shoes and performed the task 
without an additional balance manipulation or while balance was challenged. For the 
balance-unchallenged condition, participants performed the task while standing with their 
feet approximately shoulder-width apart (Fig. 3.1C). For the balance-challenged condition, 
participants performed the task with inflatable rubber hemispheres (radii: 8.5 cm) attached 
to the soles of their shoes (Fig. 3.1D). These rubber hemispheres reduce the control 
afforded by shifting the center of pressure under the base of support and significantly 
increase the root mean square of trunk acceleration, end-point-error variability, and lower-
limb muscle activity (Bakkum et al. 2020). We instructed the participants to stand with their 
feet as close together as possible without the rubber hemispheres touching each other. 
During the balance-challenged tasks, an experimenter helped stabilize the participants 
between each trial. Thereafter, the participant performed the reach without any assistance.  
For the precision walking tasks, participants stood at the beginning of a walkway 
(~6 m long) and waited for an audible tone to signal the start of each trial. At the sound of 
the tone, participants walked and stepped with their right foot onto the ML center of a 
projected target (3 x 36 cm) without stopping (Fig. 3.1B). We used an LCD 
projector (Epson PowerLight 5535U; brightness of 5500 lumens) to display the stepping 
target on a black uniform mat covering the walking path. Participants performed this task 
without an additional balance manipulation or while balance was challenged. For the 
balance-unchallenged condition, participants performed the task while wearing 
comfortable walking shoes (Fig. 3.1C). For the balance-challenged condition, participants 
performed the task with the same inflatable rubber hemispheres attached to the soles of 
their shoes as in the reaching task (Fig. 3.1D). An experimenter helped stabilize the 
participants between each balance-challenged trial. However, the participant performed 
the walking task without assistance. Participants took a minimum of two steps before and 
after the step to the target. The two preceding steps allowed participants to determine their 
walking trajectory and align themselves in preparation for the step to the target, which we 
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positioned in the center of the walkway for all trials. We randomized the participant’s 
anterior-posterior (AP) starting location (between 1.5 - 2.5 m) for each trial to increase the 
demand for visual feedback during the task and to prevent participants from learning a 
specific walking sequence. 
To track body motion during the reaching and walking tasks, we used an Optotrak 
Certus motion capture camera (Northern Digital, Waterloo, ON, Canada) that recorded (at 
120 Hz) infrared emitting position markers placed on the participant’s mid-back (in line 
with the sternum), index finger of the right hand, and bilaterally on the heel, mid-
foot (second-third metatarsal head), and the toe (third metatarsal). For all tasks, 
we instructed participants to be as accurate as possible when reaching or stepping to the 
target. We also instructed participants to perform the tasks at a quick and constant pace 
to minimize online corrections of the finger or leg/foot trajectory to more closely match 
previous experiments in which the movements are ballistic. These guidelines also 
encourage the use of sensory feedback prior to the reach or step to the target. To minimize 
adaptation between trials, participants had their eyes open only when they were 
performing the task and received visual feedback of their performance through the lenses. 
To increase target visibility and reduce the influence of environmental references, 
participants performed both tasks under reduced light conditions (~0.9 lux). An 
experimenter demonstrated each task prior to testing. Additionally, participants were 
attached to a safety harness system suspended from the ceiling at all times which 
prevented falling to the ground in the event of a loss of balance. The harness did not 
provide any body weight support, and no participant engaged the system during the 
course of the experiment. 
3.3.3. Experimental protocol 
We measured adaptation and savings over two testing sessions, separated by one 
week. Figure 3.2 illustrates an example of the experimental protocol for both testing 
sessions and the predicted end-point error responses for each phase of testing. During 
the first testing session, participants performed five baseline phases (20 trials each); one 
for each reaching and walking task, as well as a seated, non-limb-based reaching task. 
This latter task is described in Bakkum et al. (2020) and is not relevant to this study. 
Participants performed the baseline phases while wearing zero-diopter (i.e., non-visual-
field-shifting) lenses. The baseline trials for the adaptation task were performed last, just 
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prior to the adaptation phase. We randomized the remaining baseline conditions for each 
participant. During the adaptation phase, participants learned a novel visuomotor 
mapping induced by 20-diopter prism lenses while performing 60 trials of their assigned 
adaptation task (e.g., balance-challenged walking). The 20-diopter prism lenses altered 
the relationship between visual inputs and motor commands by shifting the perceived 
location of the target to the right (~11.4°; Fig. 3.1A). The goggles blocked a portion of the 
peripheral visual field, such that the participants had no choice but to look through the 
lenses during the tasks. Each participant performed a total of four generalization trials, 
which we split into two phases with two generalization tasks each. Participants performed 
a single generalization trial of each of the other group’s adaptation tasks, as well as a 
seated, non-limb-based reaching task. This study focuses on the adaptation phases 
across the two testing sessions. Details regarding generalization are found elsewhere 
(Bakkum et al. 2020). To mitigate any de-adaptation that occurred during the 
generalization trials, participants performed 20 readaptation trials after each 
generalization phase while wearing the 20-diopter prism lenses (i.e., readaptation 
phases). Finally, participants performed a single trial of their respective adaptation 
tasks after the second readaptation phase with the zero-diopter lenses to confirm whether 
the novel mapping is stored (i.e., postadaptation trial). One week later (Fig. 3.2), 
participants returned to the lab and performed 20 baseline trials of their respective 
adaptation tasks with the zero-diopter lenses. Participants then performed 60 trials of their 
adaptation task while wearing the 20-diopter lenses, followed by one postadaptation trial 




Figure 3.2 Experimental protocol 
An example using the balance-challenged walking group of the experimental tasks performed 
throughout the testing session, as well as the predicted end-point error profiles for each phase of 
testing. During the first testing session, all participants performed baseline, adaptation, 
generalization, readaptation, and postadaptation phases. Depending on the phase, participants 
wore goggles paired with either zero-diopter or 20-diopter lenses. To assess visuomotor savings, 
participants repeated the adaptation protocol one week later. This study focuses on the baseline, 
adaptation, and postadaptation phases across the two testing sessions, as denoted by the shaded 
boxes. See text for details. 
3.3.4. Data and statistical analysis 
We analyzed data using custom-written MATLAB programs. We filtered kinematic 
data using a fourth-order, low-pass Butterworth algorithm with a cut-off frequency of 6 Hz. 
We calculated reaching time and gait speed over 2 meters using the position markers 
placed on the index finger and the mid-back, respectively. To confirm the lack of online 
corrections, we verified the absence of sudden trajectory changes by analyzing the 
displacement and velocity profiles of the finger and mid-foot markers. 
All participants performed their respective tasks at a quick and constant pace 
throughout the experiment, as instructed. We did not detect significant differences in the 
average reaching times during the adaptation phase (t22 = 0.2, p = 0.847) between the 
balance-unchallenged (0.49 ± 0.1 s) and the balance-challenged (0.48 ± 0.1 s) reaching 
groups. For the walking groups, we found no significant difference in the average gait 
speeds across groups during the adaptation phase trials (balance-unchallenged: 1.33 ± 
0.13 m/s; balance-challenged: 1.22 ± 0.19 m/s; t22 = 1.6, p = 0.133). We also found no 
significant difference in the reaching times (F3,44 = 0.02, p = 0.996) and gait speeds (F3,44 
= 0.8, p = 0.155) between the baseline and adaptation phases or balance condition. 
Finally, we found no significant differences in reaching times (F1,22 = 0.1, p = 0.705) or gait 
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speeds (F1,22 = 0.7, p = 0.429) between balance conditions during the adaptation phases 
across testing sessions. 
We determined finger-placement on the reaching target as the time at which the 
position marker’s AP velocity and acceleration profiles stabilized to near zero. We 
determined foot-placement on the target as the moment of heel-strike of the foot, derived 
using the vertical velocity of the mid-foot marker on the right foot (Maeda et al. 2017b). 
The ML distance between the respective position markers and the center of the target at 
these time points defined the ML end-point error. A positive value represents errors in the 
direction of the prism shift (right), and a negative value represents errors in the left 
direction, opposite to the prism shift (Fig. 3.1B). 
We used JMP software Version 15 (SAS Institute Inc., Cary, NC) with an alpha 
level of 0.05 for all statistical analyses. To determine the effects of challenging balance on 
adaptation, we compared end-point error during the baseline phase (average of the last 
ten trials), first adaptation trial, late adaptation (average of the last ten trials), and 
postadaptation trials during the first testing session using separate two-way (Group x 
Phase) mixed-model ANOVAs for the reaching and walking tasks, where we included 
participant as a random effect. We used Tukey post hoc tests for significant main effects 
and interactions. When checking for the assumptions of an ANOVA, we found a potential 
outlier for the balance-challenged walking group (studentized residual > 4.0). Excluding 
this data point did not change the results, suggesting it was non-influential. Thus, we 
included this data point in the final statistical model. 
To assess relearning one week later, we calculated the change in end-point error 
during the first adaptation trial (representing the initial recall of the mapping) and early 
adaptation (i.e., mean of adaptation trials 2 to 8) across testing sessions. Error reduction 
during trials 2 to 8 captures the large, rapid reduction in error early in the adaptation phase 
(Maeda et al. 2017b; Malone et al. 2011; Roemmich and Bastian 2015). We also 
calculated the change in the rate of adaptation across testing sessions, where a greater 
positive change reflects faster adaptation during the second testing session and therefore, 
greater savings. We determined the rate of adaptation by fitting an exponential model to 
the end-point-error data during the 60 adaptation trials.  
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We define the rate of adaptation as the time constant, which represents the 
number of trials taken to reach ~ 63.2% of adaptation (Martin et al. 1996a). We used the 
following equation: 
 𝑦 = 𝑎 − 𝑏 × 𝑒−𝑥/𝑐 (3.1) 
where a is residual error after steady state (i.e., the asymptote), b is the magnitude 
of the adaptation required from the first trial to reach a, c (the decay constant) represents 
the rate of adaptation, and x is the trial number. To determine if the adaptation groups 
retained the new visuomotor mapping, we performed separate one-sample t tests or 
Wilcoxon signed rank tests (hypothesized value = 0), depending on data normality, on the 
change in first adaptation trial error, early adaptation error, and rate of adaptation 
measures. We also performed separate one-sample t tests or Wilcoxon signed rank tests 
(hypothesized value = 0), depending on data normality, on the change in postadaptation 
trial error for each group. To determine if challenging balance resulted in better relearning, 
we used separate two-sample t tests or Wilcoxon rank sum tests, depending on data 
normality, to compare between the balance-unchallenged and balance-challenged 
reaching and walking groups for each of our measures. 
3.4. Results 
Four groups of participants adapted to a novel visuomotor mapping induced by 
prism lenses while performing either a precision reaching or walking task, with or without 
an additional balance manipulation. We determined how challenging balance affected the 
ability to adapt and retain the novel visuomotor mapping. 
3.4.1. Challenging balance does not affect the ability to adapt to a 
new visuomotor mapping 
All participants adapted to the novel visuomotor mapping. Upon initial exposure to 
the 20-diopter (rightward-shifting) prism lenses, participants showed a large, rightward 
deviation in limb end-point placement relative to the target for the reaching and walking 
tasks. The end-point error gradually returned to near-baseline levels as the participants 




Figure 3.3 Visuomotor adaptation in reaching during session 1 
A) Group mean ± SE finger-placement error across all trials for baseline, adaptation, and 
postadaptation phases during the first testing session for the balance-unchallenged (blue) and 
balance-challenged (red) reaching groups. B) Group mean ± SE finger-placement error for the 
baseline phase (average of the last ten trials), first adaptation trial, late adaptation (average of the 
last ten trials), and postadaptation trials for the first testing session for the balance-unchallenged 
(blue) and balance-challenged (red) reaching groups. Individual participant values are 
superimposed. * Indicate that values are significantly different from each other based on post hoc 
tests (p < 0.05). 
To determine the effects of challenging balance on adaptation, we compared end-
point error over several phases during the first testing session. For the reaching groups, 
end-point error differed depending on the phase (Fig. 3.3B; F3,66 = 186.31, p = 3.76e-32). 
Post hoc tests revealed significantly greater end-point error during the first adaptation trial 
compared to the other phases. Furthermore, the end-point error during the postadaptation 
trials differed significantly from each other phase. We found no significant differences 
between the balance-unchallenged and balance-challenged reaching groups across the 
different phases. Similarly, end-point error differed depending on the phase for the walking 
groups (Fig. 3.4B; F3,66 = 676.90, p = 1.75e-49). Post hoc tests showed a significant 
difference between the first adaptation trials and each other phase. Similarly, 
postadaptation end-point error differed significantly from the other phases. We did not 
detect any significance differences between the balance conditions for the walking tasks 
across the testing phases. Taken together, these results suggest that our balance 




Figure 3.4 Visuomotor adaptation in walking during session 1 
A) Group mean ± SE foot-placement error across all trials for baseline, adaptation, and 
postadaptation phases during the first testing session for the balance-unchallenged (teal) and 
balance-challenged (gold) walking groups. B) Group mean ± SE foot-placement error for the 
baseline phase (average of the last ten trials), first adaptation trial, late adaptation (average of the 
last ten trials), and postadaptation trials for the first testing session for the balance-unchallenged 
(teal) and balance-challenged (gold) walking groups. Individual participant values are 
superimposed. * Indicate that values are significantly different from each other based on post hoc 
tests (p < 0.05). 
3.4.2. Challenging balance enhanced savings in walking but not 
reaching 
To determine the effects of challenging balance on visuomotor savings, all 
participants repeated the adaptation protocol one week later. Figure 3.5A illustrates group 
mean end-point error across trials for both testing sessions for the reaching groups. To 
assess initial recall of the mapping, we calculated the change in first adaptation trial error 
between testing sessions. Here, a greater positive change indicates greater recall of the 
learned mapping one week later. For the balance-unchallenged reaching group, we did 
not detect a significant change in the first adaptation trial error between testing sessions 
(t11 = 1.42, p = 0.185), suggesting they did not recall the learned mapping after one week 
(Fig. 3.5B). However, the balance-challenged reaching group significantly decreased their 
first adaptation trial error across testing sessions (t11 = 2.50, p = 0.030), demonstrating 
initial recall of the mapping. 
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Figure 3.5 Challenging balance and visuomotor savings in reaching. 
A) Group mean ± SE finger-placement error for all trials in the baseline, adaptation, and 
postadaptation phases across testing sessions for the balance-unchallenged (top) and balance-
challenged (bottom) reaching groups. B) The change in first adaptation trial error, early adaptation 
trial error, rate of adaptation, and postadaptation trial error across testing sessions for the balance-
unchallenged (blue) and balance-challenged (red) reaching groups. Group mean ± SE and 
individual values are shown for each measure. Testing sessions occurred one week apart. * 
Indicate that the within-group change across testing sessions is significantly different from zero (p 
< 0.05).  
To quantify savings, we calculated the change in early adaptation error (i.e., mean 
of adaptation trials 2 to 8) and rate of adaptation across testing sessions. A faster reduction 
in error (i.e., faster relearning of the mapping, or savings) indicates that the learned 
mapping was retained. In this case, a greater positive change in early adaptation error 
and rate of adaptation reflects greater savings. We found no evidence of savings for either 
reaching group (Figure 3.5B). Specifically, the balance-unchallenged reaching group 
showed no significant change in early adaptation error (t11 = 0.94, p = 0.369) or rate of 
adaptation (session 1: 3.3  3.1 trials; session 2: 2.8  2.4 trials; Wilcoxon: S = 14.50, p = 
0.274) across testing sessions. Similarly, we did not detect any significant change in early 
adaptation error (t11 = 1.41, p = 0.186) or rate of adaptation (session 1: 2.3  1.1 trials; 
session 2: 1.9  1.2 trials; t11 = 0.90, p = 0.386) for the balance-challenged reaching group. 
Interestingly, we found that the balance-challenged reaching group showed a significant 
decrease in the end-point error during postadaptation across testing sessions (Wilcoxon: 
61 
S = 39.00, p = 0.0005), but we did not detect a significant difference for the balance-
unchallenged reaching group (t11 = 0.57, p = 0.583). 
To determine the effects of challenging balance on motor memory retention, we 
compared our measures of recall and savings between reaching groups. We did not detect 
significant differences for the change in first adaptation trial error (t22 = 1.33, p = 0.197), 
early adaptation error (t22 = 0.35, p = 0.731), or rate of adaptation (Wilcoxon: Z = 0.116, p 
= 0.908) between the balance-unchallenged and balance-challenged groups. We also did 
not detect a significant difference in the change in postadaptation error between groups 
(Wilcoxon: Z = 1.76, p = 0.078). Overall, challenging balance did not appear to affect 
visuomotor savings during reaching. 
Figures 3.6A illustrates group mean end-point error across trials in both testing 
sessions for the walking groups. Unlike the results for reaching, we found evidence of 
initial recall and savings for both walking groups. Specifically, the balance-unchallenged 
walking group showed a significant decrease in end-point error during the first adaptation 
trial (t11 = 2.53, p = 0.028) and early adaptation (t11 = 6.49, p = 4.51e-5), which are 
represented by positive changes (Fig. 3.6B). The balance-unchallenged walking group 
also showed an increase in the rate of adaptation across testing sessions (session 1: 4.0 
 2.3 trials; session 2: 2.3  0.9 trials; t11 = 3.27, p = 0.008). Similarly, the balance-
challenged walking group demonstrated recall and savings one week later, as indicated 
by a significant reduction in first adaptation trial error (t11 = 2.33, p = 0.040) and early 
adaptation error (t11 = 4.66, p = 0.0007) across sessions. The balance-challenged walking 
group also showed an increase in the rate of adaptation (session 1: 5.7  3.3 trials; session 
2: 1.4  0.7 trials; t11 = -4.9 p = 0.0004), indicating faster relearning one week later. Similar 
to the reaching groups, we found that the balance-challenged walking group reduced their 
error for the postadaptation trial (t11 = 4.05, p = 0.002) across testing sessions, but we did 
not detect a significant difference for the balance-unchallenged walking group (t11 = 1.84, 
p = 0.093). 
To determine the effects of challenging balance on motor memory retention during 
walking, we compared our measures of recall and savings between the walking groups. 
We found no significant difference for the change in first adaptation trial error (t22 = 0.13, 
p = 0.895), indicating similar recall of the mapping. However, we found that the balance-
challenged walking group showed a significantly greater positive change in early 
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adaptation error (t22 = 2.32, p = 0.030) and rate of adaptation (t22 = 2.46, p = 0.022) 
compared to the balance-unchallenged walking group, indicating greater savings. 
Additionally, the balance-challenged walking group showed a reduction in postadaptation 
trial error (or less aftereffect) across testing sessions compared to the balance-
unchallenged group (t22 = 3.11, p = 0.005). Taken together, both walking groups showed 
evidence of faster relearning assessed one week later. Furthermore, challenging balance 
enhanced savings in our walking task. 
 
Figure 3.6 Challenging balance and visuomotor savings in walking 
A) Group mean ± SE foot-placement error for all trials in the baseline, adaptation, and 
postadaptation phases across testing sessions for the balance-unchallenged (top) and balance-
challenged (bottom) walking groups. B) The change in first adaptation trial error, early adaptation 
trial error, rate of adaptation, and postadaptation trial error across testing sessions for the balance-
unchallenged (teal) and balance-challenged (gold) walking groups. Group mean ± SE and 
individual values are shown for each measure. Testing sessions occurred one week apart. * 
Indicate that the within group change across testing sessions is significantly different from zero (p 
< 0.05). ** Indicate that the magnitude of change across testing sessions is significantly different 
between the balance-unchallenged and balance-challenged groups (p < 0.05). 
3.5. Discussion 
The ability to adapt to physiological and environmental change and retain what is 
learned is important for safe and successful motor performance in everyday life. Here, we 
tested the hypothesis that challenging balance during adaptation would increase motor 
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memory retention, reflected by greater savings assessed one week later. We found that 
challenging balance did not affect the ability to adapt to the new visuomotor mapping and 
that only the walking groups demonstrated visuomotor retention. Crucially, we found that 
challenging balance enhanced savings during walking. Thus, while challenging balance 
did not dictate whether or not retention occurred, this condition increased savings in tasks 
where participants retained the new visuomotor mapping. These results highlight the 
robustness of motor memories associated with walking, as well as the potential influence 
of balance control on sensorimotor learning. 
One hypothesis for our findings is that challenging balance increases the value 
assigned to maintaining the internal model learned during adaptation. This potential value 
may arise from two related factors: the necessity for better control over the whole body to 
ensure safe and successful task performance or from a greater perceived threat of falling 
typically associated with balance challenges. We discuss the rationale and support for 
these factors below. 
Challenging balance may increase the value of control, as the inability to minimize 
unwanted body motion would not only affect performance accuracy, but also increase the 
risk of falling and injury. The decision to move is often dictated by whether or not the 
potential rewards (or penalties) associated with set goals outweigh the effort required to 
act (Gallivan et al. 2018). Consequently, these decisions rely on an estimate of the 
expected value of control associated with the task to determine if it is worth pursuing 
(Shenhav et al. 2013; Rangel et al. 2008). While value is subjective and difficult to quantify, 
it may be inferred from the movement decisions that individuals make (Yoon et al. 2020). 
In our case, the balance-challenged participants were able to reduce their performance 
errors while also maintaining balance, suggesting that they deemed the greater allocation 
of control worthwhile. Thus, there is increased value in controlling balance.  
Most memories are transient in nature, and we tend to forget information that is 
unlikely to be useful in the future. In contrast, information that increases the likelihood of 
future gains may be perceived as more valuable and therefore more readily retained. For 
instance, we might expect amateur and professional athletes to focus on recalling actions 
that lead to task success rather than those that worsen performance. This idea is aligned 
with studies demonstrating that monetary rewards enhance motor memory retention (Abe 
et al. 2011; Galea et al. 2015). As value increases with the magnitude and probability of 
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reward (Kahnt and Tobler 2017), we might infer that subjective value, monetary or 
otherwise, can modulate savings. In our study, while both walking groups demonstrated 
motor memory retention, challenging balance significantly increased savings assessed 
one week later. These results highlight the significance of balance control on sensorimotor 
learning and demonstrate that, with respect to a precision walking paradigm, the value of 
control associated with balance challenges can enhance savings. 
As with most balance challenges, there is an element of risk associated with falling 
and getting injured. While we did not directly assess fear or anxiety associated with our 
balance-challenged tasks, it is possible that the greater perceived risk of falling contributed 
to the enhanced retention observed during walking. Imagine having just slipped on ice. 
When remembering that unpleasant experience, you might choose to modify your gait 
(Marigold and Patla 2002) or simply avoid a similar area to mitigate the threat of falling in 
the future. Thus, from a safety perspective, it is important to prioritize information that 
reduces the risk associated with threatening environments. Correspondingly, studies 
using Pavlovian fear-conditioning paradigms demonstrate that perceived threat can 
significantly influence memory retention (see for example, Rogan et al. 1997). This is 
aligned with the notion that our memory systems are optimized to retain survival-related 
information (Nairne et al. 2007; Nairne and Pandeirada 2016). While the effects of 
perceived threat on motor memory retention are less clear, research shows that balance 
recovery responses from gait trip- or slip- perturbations can be retained for extended 
periods of time (Bhatt et al. 2006; Bhatt et al. 2012; König et al. 2019; Pai et al. 2014). 
This suggests that fear of falling can modulate motor memory retention. Thus, coupled 
with the increased value of control, the greater perceived threat associated with balance-
challenges may further increase the value assigned to the model during adaptation and 
enhance motor memory retention.  
An interesting observation in this study was that both the reaching and walking 
balance-challenged groups significantly decreased their postadaptation trial error after 
relearning. While the reasons for this are unclear, we speculate that it relates to the 
increased value associated with maintaining the internal model formed during the balance-
challenged tasks. Following adaptation, participants performed a single trial of their 
respective adaptation tasks without the prism lenses. An error in the opposite direction to 
the visual shift (i.e., a negative aftereffect) indicates internal model recalibration and 
storage of the new mapping (Redding and Wallace 1996), with larger aftereffects typically 
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interpreted as greater learning. However, it is unclear what the postadaptation trial error 
represents after re-exposure to a previously learned mapping. If we assume that it is still 
a means to quantify learning, does a reduction in error across exposures signify a 
reduction in learning? We do not believe this to be the case. Rather, we argue that a 
reduction in postadaptation error reflects a greater capacity to switch between learned 
mappings (i.e., prisms on versus off). Anecdotally, this is aligned with the observation that, 
over time, people can adapt to wearing new prescription lenses and are soon able to 
switch between visuomotor mappings (i.e., glasses on and off) with little to no disruption 
to performance. This notion is supported by research demonstrating people can learn, 
retain, and switch between different visuomotor mappings (Martin et al. 1996b; Mcgonigle 
and Flook 1978; van Dam et al. 2013; Welch et al. 1993). Furthermore, a recent study 
demonstrated increased savings with smaller aftereffects after each repeated exposure to 
a learned split-belt treadmill walking pattern (Day et al. 2018). Given that only the balance-
challenged groups demonstrate smaller aftereffects after relearning, we speculate that the 
increased value for control associated with these tasks enhanced the ability to switch 
between visuomotor mappings to ensure safe and successful task performance. 
Another possible contributing factor for the enhanced retention during balance-
challenged walking is that the rubber hemispheres may serve as an additional contextual 
cue driving faster recall of the mapping. Research shows that contextual cues that contain 
sensory information about movement dynamics (e.g., limb orientation or proprioceptive 
states) play an important role in the formation and recall of motor memories (Hirashima 
and Nozaki 2012; Howard et al. 2013; Yeo et al. 2015), though these effects are not always 
apparent (Gandolfo et al. 1996; Krakauer 2009). Furthermore, recent research suggests 
that savings can be achieved primarily through the recall of a deliberate strategy (Haith et 
al. 2015; Morehead et al. 2015). Here, the exacerbated movements associated with the 
balance-challenged tasks may have strengthened the association between the rubber 
hemispheres and learned visuomotor mapping, enabling rapid recall of an explicit strategy 
upon re-exposure to the prisms. In this scenario, we might expect the balance-challenged 
walking group to demonstrate greater recall of the mapping, reflected by a greater positive 
change in first adaptation trial error compared to the balance-unchallenged walking group. 
However, this was not the case, and our findings suggest that both walking groups 
demonstrate comparable recall. This also appears to be the case for our reaching tasks 
where neither group retained the mapping. Furthermore, given that participants performed 
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baseline trials prior to relearning to return their performance to pre-adaptive levels, any 
immediate contextual cues associated with the rubber hemispheres would have been 
washed out before the readaptation phase. Thus, it seems unlikely that the additional 
context provided by the rubber hemispheres is responsible for the enhanced savings 
observed during balance-challenged walking. 
In contrast to the walking groups, we found that neither reaching group exhibited 
savings one week after adaptation. The reasons for this are unclear, however the nature 
of the reaching task may provide an explanation. For instance, the structure of initial 
learning, such as perturbation size (Leech et al. 2018; Malone et al. 2011; Morehead et 
al. 2015) and exposure duration (Alhussein et al. 2019; Day et al. 2018; Nguyen et al. 
2019; Roemmich and Bastian 2015) can influence motor memory retention. Here, all 
participants adapted to a 20-diopter visual shift to the right (~11.4°) (Fig. 3.1A). However, 
the distance between the eye and the floor (and foot) is larger than the distance between 
the eye and the target screen (and hand). This means that there is a larger perceived 
target shift to the right for the walking groups. This may explain the differences in initial 
end-point error between tasks (~60 mm for reaching compared to ~300 mm for walking; 
see Figures 3.3A and 3.4A). Thus, the magnitude of the error experienced during 
adaptation may be less effective at eliciting week-long savings during reaching. 
Additionally, participants in the walking task groups may have had increased prism 
exposure during the steps before and after the target which may further facilitate retention. 
However, we feel that this is unlikely, as participants only interact with the target once per 
trial regardless of the task and they performed the tasks under reduced light conditions (~ 
0.9 lux) and on a black mat to minimize the influence of environmental references. 
Alternatively, these findings may provide further evidence for the robustness of motor 
memories associated with walking and observed in previous studies (Day et al. 2018; 
Maeda et al. 2018; Malone et al. 2011). 
How do the effects of challenging balance on generalization compare to those 
observed for motor memory retention? In our previous study (Bakkum et al. 2020), we 
found that challenging balance during adaptation increased generalization during reaching 
and walking, suggesting that the benefits are observed immediately and apply broadly to 
sensorimotor learning. However, here we show that challenging balance had little effect 
on motor memory retention during the reaching tasks, likely a result of the fact that 
retention did not occur to begin with. In contrast, we found that both walking groups 
67 
retained the new visuomotor mapping one week later, with the balance-challenged group 
demonstrating increased savings. One possible explanation for the robust motor 
memories formed during our walking tasks may relate to the greater threat of falling 
associated with walking while wearing the prism lenses. While both reaching and walking 
tasks require the participant to be accurate, the consequences of stepping inaccurately 
and possibly falling during walking are greater than simply missing the reaching target. 
The threat of falling is further increased with the addition of our balance manipulation, 
which reduces the control afforded by shifting the foot’s center of pressure due to the much 
smaller base of support. Thus, the greater consequence of failure associated with the 
walking tasks may serve to reinforce the value placed on maintaining the updated internal 
model and further contribute to the robust motor memory retention observed for this task. 
In summary, we found that challenging balance enhanced savings during walking 
without penalizing performance during initial adaptation. We propose that challenging 
balance increases the value of a learned internal model because of a greater need for 
control and/or greater perceived risk of falling. Because a greater-valued model may serve 
some future benefit, it is a more retainable model. Overall, our study demonstrates the 
significance of balance control during sensorimotor learning and the potential performance 
benefits associated with learning during unconstrained, naturalistic tasks. 
3.6. Chapter contributions 
Conceptualization, Amanda Bakkum (A.B.), J. Maxwell Donelan (J.M.D), and Daniel S. 
Marigold (D.S.M); Methodology, A.B., J.M.D, and D.S.M; Investigation, A.B.; Formal 
Analysis, A.B.; Writing – Original Draft, A.B. and D.S.M; Writing – Reviewing & Editing, 




Chapter 4.  
 
How the consequence of movement error affects 
sensorimotor learning 
‘‘Nothing is worth doing unless the consequences may be serious.”  
(George Bernard Shaw) 
 
4.1. Abstract 
To safely navigate our environment, we must carefully consider the consequences 
of our actions. As maintaining balance is a primary objective of the nervous system, this 
requires consideration of any threats to stability and the consequences associated with 
falling. We propose that the potential injurious consequences of being inaccurate and 
losing balance may serve to augment the value of movement errors experienced during 
adaptation and enhance sensorimotor learning. To test this hypothesis, we encouraged 
two groups of participants to adapt to a novel visuomotor mapping induced by prism lenses 
while performing a precision walking task that required them to step to the centre of a 
target positioned along the middle of the walking path. Participants performed this task 
either with or without experiencing a slip perturbation when making errors in foot 
placement to the target. We probed how this stability consequence affected generalization 
and motor memory consolidation. We assessed generalization during an interlimb-transfer 
test and an obstacle-avoidance task performed without the prism lenses. We found that 
while both groups demonstrated interlimb-transfer to the un-adapted left leg during the 
precision walking task, the stability consequence significantly enhanced generalization. 
Additionally, only the consequence group generalized learning to the obstacle-avoidance 
task. To assess consolidation, we introduced an opposite direction visuomotor mapping 
following initial adaptation and evaluated relearning of initial adaptation one week later. 
We found that the consequence group demonstrated significantly greater motor memory 
consolidation, reflected by greater recall and faster relearning (i.e., savings). Overall, our 
results demonstrate that experiencing a physical consequence when making errors 
enhances sensorimotor learning. 
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4.2. Introduction 
Every action has a consequence. Occasionally, poorly executed movement can 
give rise to serious consequences. An accidental misstep off a sidewalk, for example, can 
lead to an injurious fall. While our perception of consequence is largely subjective, a 
primary concern of the nervous system is to maintain balance to prevent falling over. Even 
moderate threats to postural stability elicit movement strategies that serve to safeguard 
balance. When standing on a raised platform, for instance, people demonstrate more 
conservative postural control strategies to minimise trunk displacement and reduce the 
risk of falling (Adkin and Carpenter 2018). Such safety-driven movement strategies are 
also observed during curb or stair negotiation where people tend to slow down and prolong 
double-support phase in response to reduced ambient light or with visual impairment 
(Alexander et al. 2014; Buckley et al. 2005; Heasley et al. 2005). Furthermore, research 
suggests that postural control is scaled in response to increasing levels of postural threat 
(Adkin et al. 2000; Brown and Frank 1997; Manista and Ahmed 2012). Given that daily 
movements are plagued by inherent stability challenges, decisions about how we move 
are made under constant consideration of postural threat and the potential injurious 
consequences of our actions. 
To mitigate the risk of falling, people must maintain movement accuracy despite 
changing physiological and environmental states. This requires the nervous system to 
adapt previously learned movements, transfer (or generalize) learning to new contexts, 
and retain what is learned to facilitate future performance through faster relearning (or 
savings). Research demonstrates that learning can generalize to new movement 
directions and/or between limbs (Krakauer et al. 2000; Thoroughman and Shadmehr 
2000; Wang and Sainburg 2003) and is retained over time (Brashers-Krug et al. 1996; 
Krakauer et al. 2005). However, as most of these studies assessed sensorimotor learning 
during isolated movements (e.g., seated upper-limb tasks), the results cannot be easily 
extrapolated to naturalistic motor behaviours that typically necessitate balance control. 
There is evidence to suggest that learning during unconstrained walking tasks results in 
broad generalization and robust motor memory retention (Alexander et al. 2011; 2013; 
Maeda et al. 2017b; 2018; Malone et al. 2011; Torres-Oviedo and Bastian 2012). 
Furthermore, recent research from our lab demonstrates that challenging balance 
increases the extent of generalization during reaching and walking tasks (Bakkum et al. 
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2020) and enhances sensorimotor savings during walking (Chapter 3). Taken together, 
these findings suggest the necessity to maintain balance during naturalistic motor 
behaviours can modulate sensorimotor learning. We propose that the potential injurious 
consequences associated with being inaccurate and losing balance may serve to augment 
the value of movement errors experienced during adaptation. In turn, this may increase 
the value assigned to an updated internal model. Thus, we tested the hypothesis that a 
stability consequence associated with movement errors would enhance sensorimotor 
learning, reflected by increased generalization and motor memory consolidation. 
To test this hypothesis, we had two groups of participants adapt to a novel 
visuomotor mapping induced by prism lenses while performing a precision walking task. 
The prism lenses altered the normal relationship (or mapping) between visual input and 
motor output and caused errors in foot placement to a target. Participants performed this 
task either with or without the possibility of experiencing a slip perturbation when making 
foot-placement errors. We assessed how this stability consequence affected 1) 
generalization of the learned visuomotor mapping across different visually guided walking 
tasks, and 2) consolidation of the learned mapping one week later. Here, we define 
consolidation as the learned mapping being resistant to interference from an opposite 
mapping. 
4.3. Materials and methods 
4.3.1. Participants 
Twenty-four participants (mean age ± SD = 26.4 ± 5.0 years; 11 men, 13 women) 
with no known musculoskeletal, visual (six participants wore corrective lenses or glasses), 
or neurological disease participated in this study. The Office of Research Ethics at Simon 
Fraser University approved the study protocol and all participants provided written 
informed consent prior to their participation. 
4.3.2. Experimental tasks and data collection 
All participants adapted to a novel visuomotor mapping induced by prism lenses 
(Fig. 4.1A) while performing a precision walking task (Fig. 4.1B). Participants stood at the 
beginning of the walkway (~6 m in length) and waited for a go-cue to signal the start of 
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each trial. Once cued, participants took a minimum of two steps before stepping with their 
right foot onto the medial-lateral (ML) center of a projected target (3 x 36 cm) without 
stopping. We instructed participants to be as accurate as possible in ML dimension when 
stepping to the target. We used a long target to reduce the demand for accuracy in the 
anterior-posterior (AP) dimension and to prevent participants from using shuffle steps as 
they approached the target. We displayed the target in the center of the walking path using 
an LCD projector (Epson PowerLight 5535U; brightness of 5500 lumens). Participants 
performed the task under reduced light conditions (~ 0.9 lux) to minimize the influence of 
environmental references and increase the visibility of the projected target. 
 
Figure 4.1 Experimental tasks and protocol 
A) A simulated view of the stepping target through the goggles coupled with zero-diopter (non-
visual-field-shifting) lenses and 20-diopter prism lenses that shift the perceived location of the target 
11.4° to the right. B) An illustration of the precision walking task. Inset: a diagram showing the 
positive (+) and negative (-) medial-lateral (ML) foot-placement error, defined as the distance 
between the position marker on the mid-foot and the center of the target. AP, anterior-posterior 
dimension in laboratory space. C) An illustration of the obstacle avoidance task. Inset: a diagram 
showing the positive (+) and negative (-) medial-lateral (ML) deviation from the obstacle, defined 
as the distance between the center of the obstacle and the position marker on the mid-foot of both 
the trailing foot (i.e., step N-1: right foot) and leading foot (i.e., step N: left foot). D) An illustration of 
the setup for the stability consequence group during the adaptation phase. Inset: a diagram 
showing the position of the slippery surface with respect to the target. E) An illustration of the 
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experimental protocol across both testing sessions, as well as the predicted foot-placement error 
profiles for each phase of testing. During the first testing session, all participants performed 
baseline, adaptation, generalization, readaptation, and washout phases. Depending on the phase, 
participants wore goggles paired with either zero-diopter or 20-diopter lenses. To assess 
consolidation, participants repeated the washout and adaptation phases one week later. See text 
for details. 
We assessed 1) generalization of the learned visuomotor mapping across different 
visually guided walking tasks, and 2) consolidation of the learned mapping one week later. 
We assessed generalization during an interlimb-transfer test and an obstacle-avoidance 
task performed without the prism lenses. During the interlimb-transfer test, participants 
performed a single trial of the precision walking task using their left foot instead of their 
right foot to step to the target. For the obstacle-avoidance task, participants walked along 
the same 6 m long path towards the right side of an obstacle (height = 25 cm; width = 6 
cm; length = 80 cm) positioned in the center of the walkway. Once participants were beside 
the obstacle, they stepped laterally over the middle of it, first with their left leg (i.e., the 
leading leg), then their right leg (i.e., the trailing leg), before continuing to walk for several 
more steps (Fig. 4.1C). We instructed participants to avoid colliding with the obstacle. We 
also probed consolidation, defined as the stabilization of motor memory such that it is 
resistant to retrograde inference from a competing mapping (Krakauer et al. 2005). Thus, 
we introduced an opposite direction visuomotor mapping following initial adaptation and 
revaluated learning one week later to assess consolidation. 
We tracked body motion from infrared-emitting position markers placed on the 
participant’s chest (in line with the sternum) and bilaterally on the mid-foot (second to third 
metatarsal head) at 120 Hz during each task using an Optotrak Certus motion capture 
camera (Northern Digital, Waterloo, ON, Canada). To mitigate adaptation between trials, 
we instructed participants to have their eyes open only when they performed the task. An 
experimenter guided the participants back to the beginning of the walkway between trials 
while their eyes were closed. To prevent participants from learning a specific stepping 
sequence and increase the demand for visual feedback, we randomized the anterior-
posterior (AP) starting location (between 1.5 - 2.5 m) for each trial. We also encouraged 
participants to perform each task at a quick and constant pace to minimize online 
corrections of leg trajectory during the step to the target. Participants walked with an 
average speed (±SD) of 1.56 ± 0.16 m/s, and we later verified the absence of these 
corrections by looking at the kinematic profiles of the midfoot position markers. An 
experimenter demonstrated all tasks at the beginning of each testing session. Participants 
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wore a safety harness at all times to prevent falling to the ground. No participant engaged 
the system during the course of this experiment. 
4.3.3. Experimental protocol 
We measured sensorimotor adaptation, generalization, and consolidation over two 
testing sessions, separated by one week. Figure 4.1E illustrates the experimental protocol 
and the predicted foot-placement error responses for each phase of testing. Depending 
on the phase, participants wore goggles coupled with either zero-diopter (non-visual-field-
shifting) or 20-diopter prism lenses (Fig. 4.1A). The goggles block part of the peripheral 
visual field and participants had no option but to look through the lenses during each task. 
Participants performed three baseline phases (15 trials each), one for each visually guided 
walking task, while wearing the zero-diopter (i.e., non-visual-field-shifting) lenses. 
Participants performed the baseline phase for the adaptation task last, just prior to the 
adaptation phase. We counterbalanced the order of the two remaining baseline tasks for 
each participant and matched this order for the generalization tasks.  
During the first adaptation phase (Adaptation A1), participants learned a novel 
visuomotor mapping induced by the 20-diopter prism lenses while performing 60 trials of 
the precision walking task using their right foot to step to the target. The 20-diopter lenses 
shifted the perceived location of the stepping target ~11.4° to the right (i.e., mapping A) 
(Fig. 4.1A), altering the relationship between visual input and motor output and causing 
errors in foot placement to the target. Participants adapted to the new visuomotor mapping 
with (consequence group; n = 12) or without (control group; n = 12) a manipulation that 
produced an unexpected slip perturbation. For the consequence group, we positioned a 
low-friction, polypropylene surface (50 x 60 cm) to the right of the target during prism 
exposure (Fig. 4.1D). We concealed this slippery surface using a solid black, low-friction 
fabric that covered the entire walking path and did not inform participants about the 
possibility of a slip. Exposure to the prism lenses induced a rightward deviation in foot 
placement to the target, which increased the likelihood of participants in the consequence 
group making contact with the slippery surface. On contact, the shear forces under the 
participants shoe at heel strike caused the low-friction fabric to slide over the slippery 
surface (kinetic coefficient of friction  0.09 μk; for reference: ice  0.02 μk) and required a 
reactive response to prevent falling. We designed this manipulation to simulate slipping 
during walking and to serve as a stability consequence for movement errors. Participants 
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only experienced the slip perturbation during stepping errors that were large enough that 
the foot made contact with the slippery surface. To prevent participants from being 
penalized during stepping errors within the normal range of late prism adaptation, we 
positioned the slippery surface ~12 cm from the center of the target. A textured polyvinyl 
chloride (PVC) bottom prevented the slippery surface from sliding along the walkway 
during contact.  
Following adaptation to mapping A, participants performed the interlimb-transfer 
task and the obstacle-avoidance task (Fig. 4.1C) without the prism lenses to determine if 
the learned mapping was applied to the non-adapted tasks. Participants then performed 
20 readaptation trials while wearing the rightward-shifting 20-diopter lenses to mitigate 
any deadaptation during the generalization phase. To confirm whether the learned 
mapping was stored, participants performed 20 washout trials of the adaptation task with 
the zero-diopter lenses. Finally, we introduced a competing mapping B (~15 minutes after 
initial adaptation) where participants performed 60 trials of the same adaptation task (i.e., 
precision walking with the right foot stepping on the target) while wearing the 20-diopter 
lenses that shifted the visual field in the opposite (i.e., leftward) direction of mapping A. 
Following the initial testing session, the participants returned to the lab one-week later to 
probe motor memory consolidation. Participants first performed 20 baseline trials of the 
adaptation task while wearing the zero-diopter lenses. Thereafter, all participants repeated 
the 60 adaptation trials with the 20-diopter prism lenses to assess consolidation of 
mapping A. There was no stability consequence for movement errors during the second 
testing session. 
4.3.4. Data and statistical analysis 
We analyzed kinematic data (filtered using a fourth-order, low-pass Butterworth 
algorithm with a cut-off frequency of 6 Hz) using custom-written MATLAB programs to 
calculate foot placement during the precision walking and obstacle avoidance tasks. We 
determined foot placement during each task as the moment of heel strike, derived using 
the vertical velocity of the mid-foot markers (Maeda et al. 2017b; O’Connor et al. 2007). 
For the precision walking task, we defined foot-placement error during the step to the 
target as the ML distance between the position of the mid-foot marker at heel strike and 
the center of the target. A positive value represents errors in the direction of the prism shift 
(i.e., to the right of the target) and negative values represent errors in the opposite direction 
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to the prism shift (Fig. 4.1B). For the obstacle avoidance task, we calculated the ML 
distance between the obstacle and both the trailing foot (i.e., step N-1: right foot) and 
leading foot (i.e., step N: left foot) at heel strike using the mid-foot marker on each foot 
(Fig. 4.1C). For step N-1, increasing positive values represent a greater deviation of the 
right foot from the obstacle, whereas for step N, increasing negative values indicate 
greater deviation of the left foot from the obstacle. 
During any slip perturbations, we expected to see greater forward displacement 
and velocity of the right foot compared to baseline. Therefore, to test whether our 
manipulation was effective at eliciting a slip, we calculated two measures to quantify slip 
severity: slip distance and slip velocity. Figure 4.2 illustrates how the vertical and AP 
velocity profiles of the right mid-foot marker are used to calculate slip distance and peak 
slip velocity during the baseline and adaptation phases. We calculated slip distance during 
the step to the target as the total AP displacement travelled by the right mid-foot marker 
between heel strike and slip end, the latter of which we defined as the moment AP velocity 
of the right mid-foot marker profile stabilized to zero. We then calculated peak slip velocity 
as the maximum AP velocity of the right mid-foot marker within that same time interval 
(i.e., heel strike to slip end). We defined a slip perturbation trial as a slip distance or slip 
velocity value of greater than the mean of these slip measures plus two standard 
deviations for each participant. Since we calculated these slip measures at the moment of 
heel strike before the foot is firmly planted on the ground, AP displacement and velocity 
have not yet stabilized to zero. Thus, we are able to compare foot displacement and 
velocity during the step between groups and across phases such that values greater than 
baseline represent the slip perturbation. To determine differences in slip severity, we 
compared slip distance and slip velocity during the baseline phase (mean of the last ten 
trials) and the first adaptation trial between groups using separate two-way (Group x 




Figure 4.2 Slip severity 
An example of the vertical (green) and anterior-posterior (AP) (blue) velocity profiles of the right 
mid-foot marker during baseline (top) and the first adaptation trial (bottom) for the consequence 
group. We used two measures to quantify slip severity: slip distance and slip velocity. The total AP 
distance travelled by the right mid-foot marker between the moment of heel strike and when its AP 
velocity stabilized to zero (slip end) defined the slip distance. This time interval is illustrated by the 
vertical grey dashed lines. The maximum AP velocity of the right mid-foot marker between heel 
strike and slip end defined slip velocity. Peak AP slip velocity is illustrated by the horizontal orange 
dashed line. 
To determine how the stability consequence affected adaptation, we compared 
foot-placement error during the baseline phase (mean of the last ten trials), first adaptation 
trial, late adaptation (mean of the last ten trials), and the first washout trial in the first testing 
session using a two-way (Group x Phase) mixed model ANOVA (with participant as a 
random effect). When checking for the assumptions of an ANOVA, we found a potential 
outlier for the control group (studentized residual = 4.5). Excluding this data point did not 
change the results, suggesting it was non-influential. Thus, we included this data point in 
the final statistical model. To determine if the learned visuomotor mapping generalized to 
the non-adapted limb during the precision walking task, we compared foot-placement error 
during the baseline phase (mean of the last ten trials) and generalization trial using a two-
way (Group x Phase) mixed model ANOVA (with participant as a random effect). Foot-
placement errors in the direction opposite to the learned prism shift (i.e., a negative value) 
indicate generalization during the precision walking task. 
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To determine if the learned visuomotor mapping generalized to the obstacle 
avoidance task, we compared foot-placement deviation from the obstacle during the 
baseline phase (mean of the last ten trials) and generalization trial for both the trailing foot 
(i.e., step N-1: right foot) and leading foot (i.e., step N: left foot). Foot placement relative 
to the obstacle in the direction opposite to the learned prism shift (i.e., to the left) indicates 
generalization during the obstacle avoidance task. Thus, for step N-1 (right foot), a smaller 
value reflects less deviation of the foot from the obstacle (i.e., a leftward shift in foot 
placement; Fig. 4.1C) and indicates generalization of the learned mapping to the trailing 
foot. For step N (left foot), a greater negative value reflects greater deviation of the foot 
from the obstacle (i.e., a leftward shift in foot-placement; Fig. 4.1C) and indicates 
generalization of the learned mapping to the leading foot. We used separate two-way 
(Group x Phase) mixed model ANOVAs (with participant as a random effect) to determine 
if the learned mapping generalized to the obstacle avoidance task. 
To assess consolidation, we quantified three measures: the first adaptation trial 
error, early adaptation error (i.e., mean of adaptation trials 2 – 8), and rate of adaptation. 
The first adaptation trial error represents the initial recall of the mapping. However, as 
participants are unaware of the mapping they will encounter (i.e., mapping A or B), they 
may require some initial context during relearning (i.e., the first adaptation trial) to 
remember the appropriate one. Therefore, we separate out this trial’s error, similar to 
methods used by others (Krakauer et al. 2005; Maeda et al. 2017b; Malone et al. 2011). 
Early adaptation error captures the rapid reduction in foot-placement error early in the 
adaptation phase and does not assume that participants follow a specific pattern (i.e., it is 
a model-free measure) (Maeda et al., 2017b; Malone et al., 2011; Roemmich & Bastian, 
2015). A faster reduction in foot-placement error (i.e., faster relearning of the mapping, or 
savings) indicates that the learned mapping was consolidated. Model-based rate 
measures are also used to quantify adaptation and savings (Criscimagna-Hemminger and 
Shadmehr 2008; Morton and Bastian 2004). Therefore, we also calculated the rate of 
adaptation by fitting an exponential model to the foot-placement error data during the 60 
adaptation trials. We defined adaptation rate as the time constant, which represents the 
number of trials taken to reach ~ 63.2% of the adaptation (Martin et al. 1996a). We used 
the following equation: 
 𝑦 = 𝑎 − 𝑏 × 𝑒−𝑥/𝑐 (4.1) 
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where a represents the residual error after asymptote (i.e., steady state), b is the 
magnitude of the adaptation required to reach a from the first trial, c (the decay constant) 
represents the rate of adaptation, and x represents the number of trials. We used separate 
two-way (Group x Session) mixed model ANOVAs (with participant as a random effect) to 
determine differences in first adaptation trial error, early adaptation error, and adaptation 
rates between groups. 
We used JMP 15 software (SAS Institute Inc., Cary, NC) with an alpha level of 
0.05 for all statistical analyses. For ANOVAs, we used Tukey’s post hoc tests when we 
found significant main effects or interactions. 
4.4. Results 
Two groups of participants learned a novel visuomotor mapping induced by prism 
lenses while performing a precision walking task. Participants performed this task with or 
without experiencing a slip perturbation during foot-placement errors to a target. We 
assessed how this stability consequence affected adaptation, generalization, and 
consolidation of the learned mapping.  
4.4.1. Contact with the slippery surface elicited a slip perturbation 
To confirm that participants in the consequence group experienced a slip 
perturbation when missing the target, we calculated measures of slip distance and slip 
velocity during the baseline (mean of last ten trials) and adaptation phases for the 
consequence and control groups. Figure 4.3 illustrates group mean slip distance and slip 
velocity. We found that every participant in the consequence group (n = 12) experienced 
a slip during the first adaptation trial, which we define as a slip distance or slip velocity 
value of greater than the mean plus two standard deviations for each participant. During 
this first adaptation trial, the consequence group demonstrated a significantly greater slip 
distance compared to baseline and the control group (Group x Phase interaction: F1,22 = 
85.49, p = 4.927e-9), reflecting greater forward displacement of the right foot after contact 
with the slippery surface. Similarly, we found that slip velocity was significantly greater for 
the consequence group during the first adaptation trial compared to their baseline trials 
and the control group (Group x Phase interaction: F1,22 = 34.85, p = 6.103e-6). Additionally, 
all participants in the consequence group slipped during the second adaptation trial. 
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Thereafter, the number of slips declined, and no participants slipped after adaptation trial 
six. We found that the number of slips per trial differed slightly depending on the slip 
measure (i.e., slip distance or slip velocity), though this is likely due to the variability of the 
slip velocity measure. Overall, contact with the slippery surface during the precision 
walking task successfully elicited a slip perturbation.  
 
Figure 4.3 Slip measures 
A) Left: Group mean ± SE slip distance across all trials for baseline and adaptation phases for the 
control (blue) and consequence (orange) groups. Right: Group mean ± SE slip distance for the 
baseline phase (mean of the last ten trials) and the first adaptation trial for the control (blue) and 
consequence (orange) groups. B) Left: Group mean ± SE peak slip velocity across all trials for 
baseline and adaptation phases for the control (blue) and consequence (orange) groups. Right: 
Group mean ± SE peak slip velocity for the baseline phase (mean of the last ten trials) and the first 
adaptation trial for the control (blue) and consequence (orange) groups. Individual participant 
values are superimposed. * Indicate that values are significantly different from each other based 
on post hoc tests (p < 0.05). Insets: individual data points showing significant evidence of a slip 
perturbation, defined as a slip distance or slip velocity value of greater than the mean plus two 
standard deviations for each participant. The dark grey shaded box represents the first adaptation 
trial, and the light grey shaded box represents early adaptation trials. The numbered black boxes 
represent how many participants slipped during each trial. Every participant in the consequence 
group slipped during the first two adaptation trials. No participants slipped after adaptation trial six. 
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4.4.2. The stability consequence did not disrupt initial visuomotor 
adaptation 
Upon initial exposure to the prisms, all participants demonstrated a large, rightward 
deviation in foot placement relative to the target during the precision walking task. As 
participants adapted to the new visuomotor mapping, foot-placement error gradually 
returned to near-baseline levels of performance. Upon removal of the prism lenses, 
participants demonstrated a large, leftward deviation in foot-placement error (i.e., a 
negative aftereffect). These results are illustrated in Figure 4.4A. 
 
Figure 4.4 Visuomotor adaptation during session 1 
A) Group mean ± SE foot-placement error across all trials for baseline and adaptation phases and 
the first washout trial during the first testing session for the control (blue) and consequence (orange) 
groups. B) Group mean ± SE foot-placement error for the baseline phase (mean of the last ten 
trials), first adaptation trial, late adaptation (mean of the last ten trials), and first washout trial during 
the first testing session for the control (blue) and consequence (orange) groups. Individual 
participant values are superimposed. * Indicate that values are significantly different from each 
other based on post hoc tests (p < 0.05). 
To determine the effects of a stability consequence on visuomotor adaptation, we 
compared foot-placement error across the baseline phase (mean of last ten trials), first 
adaptation trial, early adaptation (i.e., mean of adaptation trials 2-8), and the first washout 
trial across groups during the first testing session. We found that foot-placement error 
differed depending on the phase (Fig. 4.4B; F3,66 = 631.01, p = 1.65e-48). Post hoc tests 
indicated significantly greater foot-placement error during the first adaptation trial 
compared to the other phases. Furthermore, foot-placement error during the first washout 
trial differed significantly from the other testing phases. We did not detect significant 
differences between the control and consequence groups across the testing phases. 
81 
Overall, the stability consequence experienced during movement errors did not affect the 
ability to adapt to the new visuomotor mapping. 
4.4.3. A stability consequence associated with movement errors 
increases generalization 
We assessed generalization of the learned mapping across two different visually 
guided walking tasks: a precision walking task using the non-adapted left leg to step to 
the target and an obstacle avoidance task. To determine whether the learned visuomotor 
mapping generalized to the left leg, we compared the mean foot-placement error during 
the last ten baseline trials to the foot-placement error during the generalization trial of the 
precision walking task. We found that both the control and consequence groups 
generalized the learned mapping to the non-adapted left leg (Group x Phase interaction: 
F1,22 = 12.71, p = 0.002), reflected by foot-placement errors in the direction opposite to the 
learned prism shift (i.e., a negative value) (Fig. 4.5A). However, the foot-placement error 
during the generalization trial differed significantly between groups, such that the 
consequence group demonstrated greater leftward deviation in foot placement from the 
target, indicating greater generalization to the left leg during precision walking. 
 
Figure 4.5 Generalization 
A) Group mean ± SE foot-placement error for the baseline (mean of the last ten trials) and 
generalization phases during the precision walking task for the control (blue) and consequence 
(orange) groups. Foot-placement errors in the direction opposite to the prism shift (i.e., a negative 
value) indicate generalization. B) Group mean ± SE foot-placement error for the baseline (mean of 
the last ten trials) and generalization phases during the obstacle avoidance task for both the trailing 
foot (i.e., step N-1: right foot) and leading foot (i.e., step N: left foot) for the control (blue) and 
consequence (orange) groups. A smaller value indicates generalization for step N-1 (right foot), 
whereas a greater negative value reflects generalization for step N (left foot). Individual participant 
values are superimposed. * Indicate that values are significantly different from each other based 
on post hoc tests (p < 0.05). 
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For the obstacle avoidance task, we compared foot-placement deviation from the 
obstacle during the baseline phase (mean of last ten trials) and the generalization trial for 
both the trailing foot (i.e., step N-1: right foot) and leading foot (i.e., step N: left foot). For 
step N-1 (right foot), a smaller value reflects less deviation of the foot from the obstacle 
and indicates generalization of the learned mapping to the trailing right foot. We found that 
the consequence group demonstrated a smaller deviation of the right foot from the 
obstacle (i.e., a leftward shift in foot placement) during step N-1 compared to the control 
group (Group x Phase interaction: F1,22 = 10.98, p = 0.003) (Fig. 4.5B). For step N (left 
foot), a greater negative value reflects greater deviation of the foot from the obstacle and 
indicates generalization of the learned mapping to the leading left foot. We found that the 
consequence group demonstrated greater deviation of the leading left foot from the 
obstacle (Group x Phase interaction: F1,22 = 16.18, p = 0.0006). Taken together, a stability 
consequence associated with movement error increases the degree of generalization 
across different visually guided walking tasks. 
4.4.4. A stability consequence associated with movement errors 
increases motor memory consolidation 
To determine the effects of a stability consequence on motor memory 
consolidation, both groups of participants repeated the adaptation protocol one week later. 
We compared three measures across testing sessions: the first adaptation trial error 
(representing the initial recall of the mapping), early adaptation error (i.e., mean of 
adaptation trials 2 – 8), and rate of adaptation. Figure 4.6A illustrates group mean foot-
placement error during the baseline and adaptation phases during both testing sessions 
for the control and consequence groups. To assess initial recall of the learned visuomotor 
mapping, we compared foot-placement error during the first adaptation trial across testing 
sessions. We found that the consequence group demonstrated greater error reduction in 
first adaptation trial compared to the control group (Group x Session interaction: F1,22 = 




Figure 4.6 Motor memory consolidation 
A) Group mean ± SE foot-placement error for all trials in the baseline and adaptation phases across 
testing sessions for the control (blue) and consequence (orange) groups. B) Group mean ± SE for 
the first adaptation trial error (dark grey shaded box), early adaptation error (light grey shaded box), 
and rate of adaptation across testing sessions for the control (blue) and consequence (orange) 
groups. One week separated testing sessions. Individual participant values are superimposed. * 
Indicate that values are significantly different from each other based on post hoc tests (p < 0.05). 
A faster reduction in foot-placement error (i.e., savings) indicates that the learned 
mapping was consolidated. To quantify savings of the learned mapping, we compared 
foot-placement error during early adaptation (i.e., mean of adaptation trials 2 – 8) and the 
rate of adaptation across testing sessions. We found that both the control and 
consequence groups showed a significant reduction in foot-placement error during early 
adaptation (Group x Session interaction: F1,22 = 7.98, p = 0.009). However, the 
consequence group demonstrated significantly greater error reduction during the second 
testing session compared to the control group, reflecting greater savings one week later. 
Finally, we found that both the control and consequence groups demonstrate a faster rate 
of relearning during the second testing session (Session main effect: F1,22 = 27.58, p = 
2.86e-5). In addition, we found that the consequence group demonstrated a faster rate of 
adaptation across both testing sessions (Group main effect: F1,22 = 15.81, p = 0.0006), 
though we did not detect a significant Group x Session interaction for this measure (F1,22 
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= 0.82, p = 0.376). Taken together, a stability consequence associated with movement 
error increases initial recall and savings of a learned mapping one week later, reflective of 
greater motor memory consolidation. 
4.5. Discussion 
Learning from the consequences of our actions is imperative for safe and 
successful motor performance over a lifetime. To determine which behaviours to maintain, 
people learn to dissociate actions that give rise to desirable outcomes from those that do 
not. This learning process is likely driven by evolutionary pressures to hardwire specific 
behaviours that facilitate future performance and promote personal safety (Moore 2004). 
Following this reasoning, we tested the hypothesis that a stability consequence associated 
with movement errors would enhance sensorimotor learning. Indeed, we found that 
participants who experienced the stability consequence during adaptation demonstrated 
increased interlimb-transfer on a precision walking task and generalization to an obstacle-
avoidance task. Furthermore, these participants demonstrated enhanced motor memory 
consolidation, reflected by greater recall and savings one week later. The differences in 
generalization and consolidation between groups occurs despite the fact that they initially 
adapt at the same rate and experience similar foot-placement errors. One possible 
explanation for our findings is that experiencing a physical consequence when making 
errors augments the value assigned to maintaining the updated internal model, which 
increases generalization and consolidation. 
People prefer to behave in ways that maximize rewards and minimize penalties. 
For this reason, we assign greater value to actions that give rise to favourable outcomes 
compared to those that result in unpleasant consequences. We can then use this 
subjective value to determine which behaviours are worth pursuing in future. Rewards and 
punishment serve to strengthen or reinforce the association between actions and their 
consequences and are therefore, compelling modulators of behaviour (Thorndike 1933; 
Skinner 1938). For example, people tend to move faster towards stimuli that they 
associate with increased reward (e.g., money) (Shadmehr et al. 2019). In our study, 
participants experienced a slip perturbation when making stepping errors to a target during 
adaptation. Given that maintaining balance is a primary objective during movement, this 
stability consequence served as a strong deterrent against repeating such errors. As 
participants adapted to the prisms (i.e., updated their internal model) and became more 
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accurate to the target, they no longer experienced the slip perturbation. Stepping 
accurately may act as an intrinsic reward. However, the slippery surface remained 
positioned next to the target and as a result, the threat of slipping persisted throughout 
adaptation. Thus, there may be greater value assigned to maintaining this updated internal 
model, as it reduces the likelihood of making contact with the slippery surface. Our findings 
support this interpretation: experiencing the stability consequence significantly enhanced 
generalization and motor memory consolidation. Interestingly, the stability consequence 
did not accelerate initial adaptation. We speculate that the combination of the new 
visuomotor mapping and the unexpected slip perturbation made it difficult for participants 
to immediately identify the source of their error to correct for it (Berniker and Kording 
2008). This initial credit assignment problem, in combination with a potentially 
disorientating slip, may have reduced any immediate benefits of the stability consequence. 
Taken together, our results appear in conflict with previous studies showing that 
punishment in the form of monetary losses have little impact on motor memory retention 
(Abe et al. 2011; Galea et al. 2015). However, it is possible that experiencing a physical 
consequence, as opposed to losing money, is more effective at eliciting long-lasting 
memories. We designed our stability consequence to simulate slipping during walking and 
to serve as a functionally meaningful consequence for movement error. Thus, compared 
to losing money for poor performance, our manipulation may be more ecologically valid in 
that it is a better representation of the potential consequences associated with movement 
errors in everyday life. 
The fear of falling associated with the slip perturbation may also contribute to our 
findings by altering participants emotional state during adaptation. Though we did not 
directly measure fear or anxiety, research shows that fear of falling, or increased postural 
threat, can significantly impact balance control and gait (Adkin and Carpenter 2018). 
Furthermore, research in humans and other animals provides compelling evidence for the 
role of the amygdala in forming and maintaining lasting memories associated with aversive 
stimuli (McGaugh 2004). Specifically, activation of the amygdala, which is reliably 
engaged during threat processing (LeDoux 2000), is shown to modulate memory 
consolidation during emotionally arousing experiences. Emotional arousal during the 
consolidation period is thought to strengthen a memory through the release of various 
stress hormones (e.g., epinephrine) and the activation of the basolateral amygdala. This 
is evident in fear-conditioning paradigms whereby aversive shock stimuli, or the threat of 
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being shocked, induces long-term potentiation in the amygdala and enhances memory 
formation (Murty et al. 2012; Rogan et al. 1997). In contrast, lesions to the amygdala 
attenuate the advantageous effects of emotional arousal on memory (Mcgaugh et al. 
1996). The amygdala is also implicated in fear generalization: aversive stimuli are broadly 
generalized to new environments. For example, tones associated with an aversive odor 
increase the width of auditory tuning curves of amygdala neurons and as a result, allow 
for better stimulus detection (Resnik and Paz 2015). Overgeneralization of negative 
experiences is also linked to altered activity in the amygdala in individuals with post-
traumatic stress disorders (Ortiz et al. 2019). The modulation of fear responses and 
memory consolidation during emotionally arousing events may serve to enhance retention 
of threatening experiences to enable fast and accurate responses when necessary. This 
notion is aligned with research suggesting that our memory systems are tuned to 
remember survival-related information that provides some evolutionary advantage (Nairne 
et al. 2007). Interestingly, neuroimaging results show that reinforcement in the form of 
monetary losses does not engage the amygdala (Delgado et al. 2011), which may provide 
an additional explanation for the discrepancies between our findings and monetary-based 
reinforcement paradigms. Taken together, the slip perturbation may have altered emotions 
of fear and/or anxiety and enhanced learning through increased recruitment of brain 
regions engaged in threat processing. 
Overall, our results demonstrate that experiencing a threatening physical 
consequence when making errors enhances sensorimotor learning. These findings 
provide intriguing implications for the development of rehabilitation interventions aimed at 
improving performance in individuals with neurological impairment. In particular, our 
results suggest that patients may benefit from rehabilitation interventions that elicit a 
physical consequence when making errors. Though research on this topic is scarce, 
studies show that split-belt treadmills can be used to exaggerate step length asymmetry 
in stroke patients to achieve after-effects of improved symmetry (Reisman et al. 2007a; 
2009; Reisman et al. 2010). In this case, the exaggerated error serves to prompt the 
nervous system to correct performance. Though our slip perturbation does not necessarily 
exaggerate movement error, it does increase the severity of the consequences associated 
with inaccurate movement. As a result, a physical consequence, or the threat of being 
penalized, when making errors may serve to reinforce learning and facilitate rehabilitation. 
However, further research is warranted to determine whether and how we can safely and 
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effectively leverage the negative physical consequences of movement error to facilitate 
rehabilitation. 
4.6. Chapter contributions 
Conceptualization, Amanda Bakkum (A.B.) and Daniel S. Marigold (D.S.M); Methodology, 
A.B. and D.S.M; Investigation, A.B.; Formal Analysis, A.B.; Writing – Original Draft, A.B. 
and D.S.M; Writing – Reviewing & Editing, A.B. and D.S.M. 
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Chapter 5.  
 
General Discussion and Conclusions  
‘‘There is no real ending. It's just the place where you stop the story.’’ 
(Frank Herbert) 
 
5.1. Summary of thesis 
Despite the necessity to maintain balance for safe and successful motor 
performance, experimental paradigms often overlook the effects of balance control on 
sensorimotor learning. This thesis provides a novel perspective on how learning during 
naturalistic motor behaviours that necessitate balance control might be beneficial for motor 
performance. Specifically, I explored how challenges to balance, or the potential 
consequences of falling, impact sensorimotor adaptation, generalization, and retention of 
motor memories formed during unconstrained, whole-body tasks. 
Humans are able to produce an impressive array of complex and coordinated 
motor behaviours. This versatility is achieved by adapting previously learned movement 
patterns and applying what is learned to new situations. However, it is unclear how the 
necessity to maintain balance while moving influences these aspects of sensorimotor 
learning. In Chapter 2, I tested how challenging balance during sensorimotor adaptation 
affected generalization of learning. To do this, I encouraged four groups of participants to 
learn a new internal model using prisms lenses that create a new visuomotor mapping. 
These lenses altered the normal relationship between visual input and motor output, 
making their current internal model obsolete. Participants adapted to the prisms while 
performing either a standing-based reaching or walking task, with or without a 
manipulation that challenged balance. To assess generalization, participants performed a 
single trial of each of the other group’s tasks without the prism lenses. I found that 
challenging balance during both the reaching and walking tasks increases the degree to 
which a newly learned internal model generalized to the equivalent, non-adapted task. I 
also found some evidence for across-task generalization for all groups regardless of 
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balance manipulation. In Chapter 3, I tested how challenging balance during sensorimotor 
adaptation effected motor memory retention. To do this, the same four groups of 
participants returned to the lab one week after initial learning and repeated the adaptation 
protocol performed during the first testing session. For reaching, I found that the balance-
challenged group initially recalled the learned mapping, reflected by a smaller end-point 
error during the first adaptation trial one-week later. However, neither reaching group 
demonstrated faster relearning (or savings) during re-exposure to the prisms. In contrast, 
both walking groups demonstrated significant motor memory retention, reflected by initial 
recall and savings. Crucially, I found that challenging balance significantly enhanced 
savings during walking.  
After discovering that challenges to balance might serve to enhance generalization 
and retention of learning, I asked how the potential consequences associated with losing 
balance might impact sensorimotor learning. In Chapter 4, I encouraged two groups of 
participants to adapt to a new visuomotor mapping while performing a precision walking 
task. Participants performed this task with or without the possibility of a stability 
consequence associated with movement errors. I assessed generalization during an 
interlimb-transfer test and an obstacle-avoidance task performed without the prism lenses. 
I found that experiencing a physical consequence when making errors led to increased 
generalization to both visually guided walking tasks. To assess consolidation, I introduced 
an opposite direction visuomotor mapping following initial adaptation and evaluated 
relearning one week later. Importantly, I found that participants who experienced the 
stability consequence associated with movement error demonstrated significantly greater 
motor memory consolidation, reflected by increased initial recall and sensorimotor 
savings. Taken together, the results from this thesis suggest that the necessity to maintain 
balance, or the consequence of falling, may increase the value assigned to maintaining 
an updated internal model and as a result, enhance sensorimotor learning. 
5.2. Thesis limitations 
There are limitations to this thesis that may hinder the scope of our conclusions. 
First, I assessed sensorimotor learning in a relatively small sample size, which may not 
be representative of the larger population. I determined this sample size based on a 
combination of the sample sizes used in previous research studies and statistical power 
analyses performed with statistical software GPower3. I calculated effect sizes based on 
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data from previous studies in our lab (Alexander et al. 2011; Maeda et al. 2017b) for all 
comparisons of interest (i.e., generalization and retention measures). Based on this data, 
I determined that a sample size of n=12 per group would yield 80% power with an alpha 
level of 0.05 for all comparisons. This sample size is consistent with previous adaptation 
studies that typically recruit between 8 to 12 participants per group (Alexander et al. 2011; 
Maeda et al. 2017b; McDougle et al. 2015; Torres-Oviedo and Bastian 2012). As a result, 
it is unlikely that the differences identified in this thesis were detected by chance alone. 
Thus, it seems reasonable to use these findings to draw inferences about the larger 
population.  
A second possible limitation to this thesis may relate to the real-life validity of the 
balance manipulation used in Chapter 2 and Chapter 3. As most everyday tasks require 
balance control, the purpose of this thesis was to determine how the necessity to maintain 
balance affects sensorimotor learning. However, I acknowledge that standing and walking 
while wearing rubber inflatable hemispheres is not overly realistic. The decision to use 
these hemispheres was based on extensive pilot data aimed at identifying a manipulation 
that increased the need for balance control while also allowing participants to move freely 
while performing their tasks. I reasoned that the rubber hemispheres produced a similar 
perturbation for both the reaching and walking tasks—which allowed for across-task 
comparisons—and did not impair natural movement. For example, they did not restrict the 
ability to engage typical balance control strategies using the ankle, knee, or hip 
musculature. Additionally, as the rubber hemispheres are attached to the participants 
shoes, the direction and magnitude of the perturbation is directly associated with the 
participant’s own movement. As a result, this balance manipulation may resemble 
standing or walking across unstable terrain, including terrain with some degree of 
compliance (e.g., soggy grass, mud, or snow), where participants need to engage 
proactive and/or reactive balance control strategies to prevent falling. Overall, this 
manipulation was successful at challenging balance in a manner that, for the most part, 
requires control strategies that are similar to those experienced in real-world situations. 
Another possible limitation to the studies presented in Chapter 2 and Chapter 3 
is that I did not assess sensorimotor learning during conditions that enhance balance (i.e., 
conditions that reduce the degree of balance control required to perform the task). While 
I was able to test my hypothesis that challenging balance would improve sensorimotor 
learning, it is unclear whether enhancing balance during adaptation impacts learning. The 
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reason I did not include this condition is that I was unable to reduce the need for balance 
control during the walking task in a manner that would not interfere with adaptation to the 
prism-induced visual-field-shift. One option was to allow participants to use handrails 
during adaptation to provide additional support during the walking task. However, these 
handrails might interfere with adaptation as they restrict leg movement by preventing wider 
steps, as well as provide environmental cues about the position of the target. Another 
option would be to secure participants to a bodyweight-support harness system that 
serves to unload the body and reduce the degree of balance control required to prevent 
falling. However, this too would restrict the participants movement and affect adaptation. 
As a result, I only assessed the effects of challenging balance on sensorimotor learning 
during the reaching and walking tasks. Similarly, in Chapter 4, I assess how the 
consequence of movement error affects sensorimotor learning. The results from this study 
demonstrate that experiencing a slip perturbation when making errors significantly 
enhances generalization and consolidation of learning. While these effects are robust, it 
is unclear whether they are a result of the additional feedback provided for performance 
errors or whether they are specific to experiencing the stability consequence. Thus, future 
work is required to determine if these findings can be replicated using other means of 
reinforcement. I discuss possible options for future projects in section 5.5 below. 
5.3. The possible neural basis for our findings 
For this thesis, I assessed how the necessity to maintain balance while moving 
affected sensorimotor learning. In Chapter 2 and Chapter 3, participants who performed 
the tasks while wearing the inflatable rubber hemispheres attached to their shoes (i.e., the 
balance-challenged groups) required greater control over their body to maintain balance 
and ensure task success. In Chapter 4, participants required rapid reactive balance 
recovery during the slip perturbations to prevent a fall. Thus, the greater need for control, 
combined with the greater threat of falling, associated with these tasks may have 
increased recruitment of certain brain regions and enhanced sensorimotor learning. 
Neuroimaging studies show that coordinated movements are orchestrated by a 
distributed network of brain activity across cortical and subcortical regions (Debaere et al. 
2001). These included regions of the supplementary motor area, cingulate motor cortex, 
premotor cortex, primary motor cortex, and cerebellum. As tasks become more complex, 
brain activity across these regions increases. Likewise, research shows that challenging 
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standing balance increases electroencephalography spectral power within certain 
frequencies across multiple cortical regions (Hülsdünker et al. 2015; Hülsdünker et al.  
2016). As standing balance recovery becomes more challenging, perturbation-evoked 
cortical responses increase (Payne and Ting 2020). Brain activity also increases across 
several brain regions in response to a loss of balance during walking (Sipp et al. 2013). In 
particular, challenges to balance (e.g., standing on one leg or walking on a balance beam) 
increase activation in the anterior cingulate cortex (ACC). This brain region is involved in 
estimating the value associated with allocating control to a given task (i.e., the expected 
value of control) to determine if it is worth pursuing (Rangel et al. 2008; Shenhav et al. 
2013; Walton et al. 2003). Moreover, the ACC plays a critical role in monitoring 
performance outcomes and detecting error signals to determine the degree to which 
internal models must be updated to obtain action goals (Kolling et al. 2016; Van Veen and 
Carter 2002). Taken together, challenges to balance elicit significant changes in cortical 
activity, which may contribute to the findings of this thesis. 
Sensorimotor adaptation involves a broad network of brain regions. The 
cerebellum, for example, plays a critical role in sensorimotor learning such that patients 
with cerebellar damage demonstrate impaired adaptation and reduced generalization 
(Baizer et al. 1999; Martin et al. 1996a; Morton and Bastian 2004; Tseng et al. 2007). In 
contrast, stimulation of the cerebellum using anodal transcranial direct current stimulation 
(tDCS) is shown to accelerate visuomotor adaptation (Galea et al. 2011). Neuroimaging 
studies show that several other brain regions are also engaged during adaptation and 
generalization, including regions of the ACC, premotor cortex, primary motor cortex, 
posterior parietal cortex, prefrontal cortex, as well as the putamen and globus pallidus of 
the basal ganglia (Danckert et al. 2008; Della-Maggiore et al. 2015; Graydon et al. 2005; 
Inoue et al. 1997; Krakauer et al. 2004; Seidler et al. 2006; Shadmehr 2004). Thus, 
challenging balance may have enhanced generalization through increased recruitment of 
brain areas engaged during adaptation. Likewise, many of these regions are also involved 
in motor memory retention. For example, research suggests that neural activity shifts from 
the prefrontal regions of the cortex to the premotor, posterior parietal, and cerebellar 
cortical structures during motor memory consolidation (Shadmehr and Holcomb 1997). 
The dorsal premotor cortex—involved in action selection—may also play a role in 
consolidation of new motor skills in that excitatory repetitive transcranial magnetic 
stimulation (rTMS) of this region following training enhances retention (Boyd and Linsdell 
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2009). Additionally, research shows that motor memory consolidation is associated with 
increased neuronal activity in the cerebellum (Debas et al. 2010). The primary motor 
cortex is also associated with motor memory retention such that enhancing this region 
improves savings (Galea et al. 2011; Reis et al. 2009) while disrupting it impairs motor 
memory (Hadipour-Niktarash et al. 2007). Finally, patients with Parkinson’s disease fail to 
exhibit visuomotor savings 24 hours after adaptation, suggesting the basal ganglia also 
plays a role in the retention of motor memories (Bédard and Sanes 2011; Leow et al. 2012; 
Marinelli et al. 2009). Taken together, changes in brain activity that result from balance 
challenges may reflect, or serve to reinforce, sensorimotor learning and as a result, 
enhance generalization and motor memory retention. 
Finally, as with most challenges to balance, there is a greater threat of falling. This 
greater perceived threat may have altered participants’ emotional states and enhanced 
sensorimotor learning through increased activation of brains regions that respond to 
aversive stimuli (Armony et al. 1997; Bromberg-Martin et al. 2010; Jensen et al. 2003; 
Mineka and Ohman 2002; Taub and Mintz 2010; Tom et al. 2007). Research suggests 
that emotionally arousing experiences are better remembered due to increased activation 
of the amygdala and the release of stress hormones that work together to modulate 
memory consolidation (McGaugh 2004). Correspondingly, research shows that fear-
conditioning using aversive shock stimuli can induce long-term potentiation in the 
amygdala and enhance memory formation (Rogan et al. 1997). Even the threat of being 
shocked activates the amygdala and facilitates memory retention (Murty et al. 2012). 
However, the advantageous effects of emotional arousal on retention diminish with lesions 
to the amygdala (Mcgaugh et al. 1996). Fear generalization, or the generalization of 
negative experiences, is also related with amygdala function. For example, 
overgeneralization of fear responses is associated with altered activation in the amygdala 
of patients with various anxiety disorders (Ortiz et al. 2019). Interestingly, research also 
provides evidence for the role of the basal ganglia in processing threatening events 
(Siciliano et al. 2018). For example, aversive stimuli such as electrical shocks are shown 
to reliably activate the ventral striatum (Sorg and Kalivas 1991). Moreover, activity in the 
ventral striatum of the basal ganglia increases in anticipation of unpleasant cutaneous 
electrical stimulation (Jensen et al. 2003). Thus, the threat of falling associated with the 
balance-challenged tasks (Chapter 2 and 3) and the stability consequence (Chapter 4) 
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may have increased activation of brains regions engaged in threat processing and further 
contributed to the enhanced generalization and motor memory retention. 
Taken together, the greater need for control and the increased threat of falling 
associated with our tasks may have increased recruitment of brain regions that facilitate 
sensorimotor learning. To help disentangle these effects of challenging balance, future 
studies could investigate how changes in brain activity in our tasks relates to 
generalization and motor memory retention.  
5.4. Implications for neurorehabilitation 
Adaptation is important for rehabilitation. It provides some degree of flexibility 
during movement and can therefore, facilitate recovery after injury or disease. While the 
focus of this thesis is on sensorimotor learning in young and healthy adults, the results 
have broad clinical applications. Specifically, this thesis provides a unique perspective on 
how learning during unconstrained tasks that challenge balance or elicit a physical 
consequence following movement errors benefits sensorimotor learning. These findings 
provide intriguing implications for the development of rehabilitation interventions aimed at 
promoting long-term performance improvements in people with neurological impairments. 
The results from Chapter 2 and Chapter 3 show that challenging balance can 
increase generalization and motor memory retention, respectively. Additionally, Chapter 
4 shows that experiencing a slip perturbation when making errors significantly enhances 
sensorimotor learning. How might these conditions be exploited for rehabilitation 
purposes? Taken together, these results suggest that individuals with neurological 
impairment may benefit from rehabilitation interventions that engage the whole body and 
associate undesirable movements with threatening consequences. Though adaptation 
research on this topic is limited, studies show that perturbation-based training in stroke 
patients elicits lasting improvements to reactive balance control (Mansfield et al. 2017; 
2018). Stroke patients also demonstrate improved balance performance following push-
and-pull perturbation training aimed at destabilizing balance to elicit postural reflexes 
(Marigold et al. 2005). Likewise, slip-perturbation training in community-dwelling older 
adults can reduce fall risk (Bhatt et al. 2006; Bhatt et al. 2012; Pai et al. 2014). Research 
suggests that such perturbation training elicits whole-body responses that engage 
complex neural circuitry through propriospinal pathways and supraspinal input and as a 
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result, may help facilitate rehabilitation (Marigold and Misiaszek 2009). Propriospinal 
pathways, for example, connect cervical and lumbar central pattern generators that are 
thought to be involved in the neural control of walking balance (Misiaszek 2006). Input 
from supraspinal or cortical centers can then be used to facilitate context-specific 
responses, such as how to resist a slip perturbation. The additional threat associated with 
falling may also serve to reinforce learning and enhance memory consolidation through 
increased recruitment of brain regions that respond to threatening situations, such as the 
amygdala (McGaugh 2004). Taken together, these findings advocate for the rehabilitation 
protocols that engage the whole body and associate movement errors with physical 
consequences. However, further research is warranted to determine how we can safely 
and effectively leverage these conditions to facilitate rehabilitation. 
The findings of this thesis may also have implications for sensorimotor learning in 
patients with cerebellar damage. The cerebellum plays a critical role in regulating smooth 
and timely movement and as a result, damage to this region can give rise to a variety of 
movement disorders (e.g., gait ataxia) (Kandel et al. 2013). Several studies demonstrate 
that cerebellar damage can impair adaptation (Martin et al. 1996a; Morton and Bastian 
2006; Tseng et al. 2007). Furthermore, disrupting the cerebellum using transcranial direct 
current stimulation (tDCS) can impair motor memory retention (Herzfeld et al. 2014). 
However, recent research shows that cerebellar patients can learn a reaching task using 
binary feedback, such as a pleasant tone to signal improvements in reaching trajectory or 
an unpleasant tone to signal increased errors (Therrien et al. 2016; Therrien et al. 2020). 
These findings suggest that cerebellar damage does not interfere with reinforcement 
learning. The results from Chapter 4 show that experiencing a physical consequence 
when making errors enhances generalization and motor memory consolidation. While I 
explored these affects during sensorimotor adaptation, research demonstrates that 
rewards and punishment are also effective during motor skill learning (Abe et al. 2011; 
Steel et al. 2016). Furthermore, a recent neuroimaging study demonstrates that functional 
connectivity between the premotor cortex and the cerebellum increased after training with 
reward but decreased after training with punishment (Steel et al. 2019). Instead, 
punishment elicited increased connectivity between the premotor cortex and medial 
temporal lobe. These findings suggest that reinforcement using punishment may be less 
reliant on the cerebellum circuitry. Interestingly, research shows that the threat of 
punishment (e.g., an electrical shock) activates the medial temporal lobe via the amygdala 
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and enhances memory retention (Murty et al. 2012). Taken together, reinforcement 
through punishment, physical or otherwise, may increase learning and retention in 
cerebellar patients by recruiting brain regions that respond to threatening stimuli and rely 
less on the cerebellum. However, further research is warranted to determine if punishment 
learning can indeed bypass the cerebellar circuitry and whether this is an effective means 
to promote learning in cerebellar patients. 
5.5. Future directions 
This thesis demonstrates the potential performance benefits of learning during 
unconstrained motor behaviours that necessitate balance control. However, it is still 
unclear whether or how these benefits generalize to other types of learning (e.g., 
reinforcement learning), different tasks (e.g., split-belt treadmill walking), or to patient 
populations (i.e., stroke patients). Additionally, the nature of the balance challenging tasks 
and the slip perturbation makes it difficult to disentangle what factors are driving these 
findings. Therefore, one pertinent question remains: what is the underlying mechanism 
responsible for the beneficial effects of challenging balance on sensorimotor learning? 
While it is likely that the greater need for control, combined with the increased threat of 
falling, are contributing factors, the results of this thesis cannot directly answer this 
question.  
To start answering this question, it would be useful to assess learning in a way that 
dissociates the greater need for control from the fear of falling associated with the balance-
challenging tasks. For example, the results from Chapter 2 show that challenging balance 
during adaptation increases the degree of generalization to untrained movements for 
reaching and walking tasks. One possible explanation for the results of Chapter 2 was 
that, when balance is challenged, the effects of dynamic coupling are more pronounced. 
As a result, the nervous system requires a more comprehensive and accurate model to 
control the body. Because a more comprehensive model is less tailored to a specific task, 
it may be more generalizable. A possible alternative (and perhaps complimentary) 
explanation for these findings may be that challenging balance shifts adaptation towards 
goal-level commands, where the main objective is to control the body’s COM to prevent 
falling. In this case, adaptation of goal-level control, as opposed to more detailed low-level 
control, may be more generalizable because the ability to maintain balance is critical.  One 
possible future direction of this work is to assess whether and how a greater need to 
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control different body segments affects sensorimotor learning to determine if the results 
of this thesis are driven exclusively by the need to control balance. To test this idea without 
challenging balance, several groups of participants could adapt to a new visuomotor 
mapping while performing tasks that differ in terms of the amount of control required to 
execute them. For example, tasks could require increasing levels of coordination across 
multiple degrees of freedom (e.g., different muscles and body segments) which in turn, 
increases the effects of dynamic coupling during movement. It is also possible to reduce 
the effects of dynamic coupling using various bracing or casting methods to limit the 
degrees of freedom involved during movement. This work will provide insight into whether 
or not a comprehensive model is a more generalizable model and if this concept provides 
a suitable explanation for the findings in Chapter 2.  
Another option to disentangle the effects of challenging balance and the slip 
perturbation is to assess adaptation during tasks that increase postural threat but do not 
physically manipulate balance. Studies show that standing on a raised platform can evoke 
fear responses and impact motor behaviour (Adkin and Carpenter 2018). Thus, one option 
is to have participants adapt to a new mapping while standing or walking on a platform 
that is raised to different heights that represent increasing levels of postural threat. Another 
interesting approach would be to use a virtual environment to simulate postural threat 
during learning. Virtual reality provides a unique medium to study complex motor 
behaviours without sacrificing experimental control (Levac et al. 2019). Furthermore, 
research suggests that virtual environments evoke similar behavioural responses to the 
real world. For example, the threat of being stabbed in the hand in a virtual environment 
elicits motor cortex activation patterns that would be expected if the real hand was threated 
and the person tried to avoid harm (González-Franco et al. 2014). Research also shows 
that virtual environments can facilitate physical rehabilitation (Sveistrup 2004). For 
example, virtual environments are effective at improving both upper and lower limb 
function in chronic stroke patients (Lee et al. 2019). Thus, virtual reality technology 
provides another possible avenue to explore how the results of this thesis can be used to 
facilitate rehabilitation. 
To fully understand the implications of this thesis, it is also important to determine 
if these findings can be replicated using other means of reinforcement. For example, the 
results from Chapter 4 show that experiencing a physical consequence when making 
errors significantly enhances generalization and motor memory consolidation. As 
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previously mentioned, one limitation of this project is that I only compared performance to 
a control group. Thus, I cannot exclude the possibility that learning was improved as a 
result of the additional feedback provided for performance errors. Furthermore, it is 
unclear if reward-based reinforcement would have been equally effective at enhancing 
learning, as shown in other studies (Galea et al. 2015). Thus, one possible future project 
could be to determine if other forms of feedback elicit similar performance improvements 
compared to the stability consequence group. For example, instead of placing a slippery 
surface next to the target to penalize stepping errors, there could be a touch-sensitive 
platform that triggers an unpleasant audible tone on contact to signal error. Alternatively, 
feedback in the form of monetary rewards and losses can be used to reinforce learning. 
Another option is to determine if eliciting any physical consequence for movements errors 
promotes learning during adaptation. Extensive human and animal research provides 
compelling evidence for the effects of aversive stimuli (e.g., an electric shock) on learning 
and memory retention (McGaugh 2004). Thus, instead of slipping, performance errors 
could be penalized using a mild shock stimulation or something similar to induce a physical 
consequence when making errors. Taken together, these studies will provide insight into 
what aspects of experiencing the stability consequence when making errors enhance 
performance and whether or not the robust effects are exclusive to experiencing the slip 
perturbation when making movement errors. 
5.6. Concluding remarks 
In conclusion, this thesis provides evidence for the potential performance benefits 
associated with learning during unconstrained, whole-body tasks and demonstrates the 
significance of studying sensorimotor learning during naturalistic motor behaviours. These 
findings provide insight into how the nervous system learns to control movement in real-
world settings. Furthermore, the results from this thesis have intriguing implications for the 
design of rehabilitation interventions aimed at promoting long-lasting performance benefits 
in people with neurological impairments. Further research is warranted to determine 
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